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Abstract

This reportwas prepared at the requestof the U.S. Department of Energy's
Office of Energy Management for an objective comparisonof the merits of
battery energy storage with superconductingmagnetic energy storage
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I. EXECUTIVE SUMMARY

This report compares the merits of battery energy storage (BES) and
superconducting magnetic energy storage (SMES) for utility applications.

• Although pumped-hydro is the only mature energy storage technology
currently available to utilities, it has not been considered in this report

• because of severe siting, environmental, and size constraints. Based on this
BES/SMES comparison, recommendations are made to the U.S. Department
of Energy (DOE) regarding possible DOE involvement in development of the
two technologies for specific utility applications. Developmental needs for
each technology and its interface to the utility grid (the power conditioning
subsystem) are also identified.

As a result of demonstration projects and system studies, utilities have
realized that energy storage can be used for many applications. Table 1
shows representative utility applications and preliminary energy storage
requirements that have evolved from these demonstrations and studies.
More important, utilities have realized that they can use one energy storage
device for more than one application. This makes energy storage an option to
attain higher efficiencies and reduce operating costs for utilities. If suitable
energy storage systems are developed to meet these application
requirements, they can satisfy the needs of a potentially large segment of the
electric utility market and have a significant impact on utility operations
nationally.

Table 1. Utility Applications and Corresponding Preliminary Energy Storage
Requirements

utility Applicatio n Energy Storage Requirements
Energy Avg. Discharge Max.

Capacity Time Discharge Rate
(MWh) (h) (MW)

Load Leveling > 40 4- 8 > 10
Spinning Reserve < 30 0.5 - i < 60,,

Frequency Regulation < 5 0.25 - 0.75 < 20
Power Quality < 1 0.05 - 0.25 < 20,,

Substation Application < 10 1 - 3 < 10
(e.g., transformerdeferral,
feeder/customerpeak
shaving,etc.)
Renewables <" 1 4- 6 < 0.25

, i



The ability of BES and SMES technologies to meet these needs depends on
their basic characteristics (energy density, round-trip efficiency, and rate of
charge and discharge) and their performance. An estimate of the suitability
of BES and SMES technologies for specific utility applications is presented in
Table 2. The suitability estimate is based on technical merit, recognizing that
BES is further developed. Consideration has been given to the potential for
overcoming technical hurdles facing SMES before it achieves a mature
status. Economic issues were not addressed in this analysis.

Table 2. Utility Applications and Storage Technology Suitability

Utility Application BES ..... SMES
Current Advanced Current Advanced

Tech Tech Tech* Tech**

Load Leveling UN ND UN NA
Spinning Reserve SA ND ND ND,,

Frequency Regulation SA ND SA ND,,

Power Quality SA ND SA ND
Substation SA ND ND ND

Applications
,, ,,

Renewables SA ND ND NA
, ii

UN = Unsuitable ND = Needs Development
SA = Suitable, Available NA = Needs Assessment
*Low Temperature Superconductors **High Temperature Superconductors

BES could meet the performance requirements for most of the applications in
Table 1. The concerns of utilities about reliability, life, and energy density
for particular applications have driven development of improved lead-acid and
advanced batteries. SMES could meet the requirements for applications that
require rapid charging and discharging. If significant advances are made,
then SMES could be used in other applications. The required materials for
large superconductors have driven the development needs.

Both BES and SMES systems require future development. The concerns of
utilities about BES reliability, life, and energy density for particular
applications have driven development of improved lead-acid batteries. For
SMES systems, the required materials for large superconductors have driven
development needs.

For either SMES or BES to be useful to a utility, an interface between the
storage device and the grid must be present. The interface is the power
conversion subsystem (PCS). PCSs are commercially available, but current
designs are not cost-effective. Advances in technology such as the resonant
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frequency power converter suggest that the major development needs are to
provide manufacturers with standardized requirements and to demonstrate
PCS capabilities to utilities as part of integrated system demonstration
programs.

' Results

In general, BES is well suited for applications that require fast response asI

well as storage capacities up to approximately three hours. Present BES
systems based on lead-acid batteries can meet all the utility application
requirements except load leveling. In the near term, the primary needs of
this technology are for developing standardized, integrated system designs
that can be purchased by utilities on a turn-key basis. Further support for
field demonstrations at utility sites to validate performance is highly
desirable. In the longer term, sustained development of advanced battery
technologies, such as sodium/sulfur and zinc/bromine, is needed to ensure
that improved-performance battery systems will be available to meet
anticipated utility needs.

SMES offers rapid charge/discharge capabilities, but is limited by storage
capacity. Considerable development effort will be required to increase SMES
capacity beyond its present capability of a few seconds to approximately
three hours in order to meet certain utility application requirements.

Widespread application of both technologies requires development of off-the-
shelf PCS hardware and vendor capability. The one-of-a-kind I_'CSthat was
built for earlier battery projects will not be able to meet the needs of the
energy storage market as it grows. Cost-effective PCS hardware with higher
functionality will be needed.

Recommendations

This analysis suggests that both SMES and BES are storage technologies
that can meet specific needs of the electric utility industry. The deployment
of these technologies will result in better asset utilization in the utility
network. To facilitate efficient deployment of these systems, SNL
recommends the following course of action for consideration by the DOE:

• • Assist the utility industry, component manufacturers, and system
• suppliers to develop and demonstrate standardized BES systems for

specific applications using commercially available and near-term batteries.

• Continue development of BES systems with advanced batteries to meet
the performance needs of high-capacity, small-footprint applications.



• Develop and validate cost models for SMES including further refinement
of cold suppow_/warm support trade-offs, magnet geometries, and
refrigeration systems.

• Pursue development of SMES technologies for intermediate-to-long
discharge duration applications, if warranted by the cost models.

• Assess the feasibility of SMES for large-scale energy storage and, if
warranted, initiate a core-technology development program to address
critical technology needs.

• Determine the research and development issues related to power
conditioning subsystems that would facilitate the development of cost-
effective, standardized PCSs for energy storage and renewable energy
applications. Initiate a DOE-supported program for PCS technology
improvements, if warranted.
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II. BES AND SMES APPLICATIONS

Background

Utilities have traditionally thought of BES systems only for load-leveling
applications. Recent studies1,2 have identified at least five other applications,
which are shown in Table 1. Benefit studies have shown that energy storage
systems can satisfy more than one of these applications, thereby greatly
increasing their economic value to a utility network.

There has been an effort to demonstrate the feasibility of using BES and
SMES energy storage technologies. Table 3 lists most of the BES systems
that are in use or planned by utilities. This list covers a broad range of
applications in which BES offers benefits to utilities. However, it does not
include BES systems used on the customer side of the meter, such as UPSs,
or those used with industrial customers for peak shaving to reduce their
demand charges• It also excludes a large number of battery systems at
military bases that are used as a UPS or as a supplement for special needs
such as pulse power for experimental submarines or other experiments that
cannot be supplied with commercial utility power•

Table 4 lists SMES projects that are completed or planned. The
Superconductivity, Inc., devices are leased to selected demonstration sites
and tested. The other projects are in the planning or conceptual stage.

i

1 Four system studies performed in FY91-92 with San Diego Gas & Electric, Oglethorpe Power
Corporation, Chugach Electric Association and Bonneville Power Administration, SAND93-1754.

2 SMES Utility/Industry Appfications Workshop, September 2-3, 1992.



Table 3. Utility Battery Projects R Existing & Planned

IIIII II I I , ,

On-une or
Company Name MWIMWh Planned

I

I. Pro)acts Completed .....
Crescent Electric Coop. .... 0.5 / 0.5 1983, Operating
Southern California Edison (Chino) 10/40 8/86, Operatin_l
Berlin Power and Light (BEWAG) 8.5 / 8.5 2/87, Operating

17/5.7

San Die_lo Gas'& Electric Trolley Lol_d-Levelin_lProject ' 0.20 / 0.40 11/92, Operating
Tatsumi Substation (Kansai Electric)

........ L.ead-acid 1 / 4 1986, Operating
Sodium/sulfur 1 / 8 1991, Completed

Imajuku Ener_ly Storage Test Plant (Kyushu Electric Power Co.)
Zinc/Bromine 1 / 4 1991, Completed

'Puerto Rico Electric Power Authority, 1st of 5 Planned Installations 20 / 14.1 11/93 (Under
Const.),,

,

II. Committed to Conceptual Design
Chugach Electric Association, Anchorage, AK 10 / 20 7/94, Planned
Hawaii Electric Light Company 10 / 10 4/94, Planned,,

Puerto Rico Electric Power Authority, 2nd Planned Installation 20 / 14.2 1/95, Planned

Metlakatla Power & Light, Metlakatla Village, AK 1 / 1/60 1/94, Planned
Tlin_lit, Haida Re_lional Electrical Authority, Kasaan Village, AK 0.03/0.09 1/94, Planned
Pacific Gas & Electric Utility Scale Battery Demonstration 2 / 4 3/94, Planned,,,,

III. Completed System Study ......
O_llethorpe power Corporation 6 / 19 ?
San Die_lo Gas & Electric, System-Wide Benefits 20 / 60 ?
Consolidated Edison ? ?

New York Power Authority, Metro North Railway Application 2 / 4 ?

Bonn'eville Power Authority, Puget Sound Area Study ? ?



Table 4. Utility SMES Projects- Existing & Planned

Power Rating/Stored Status
Project Name Energy On-Line or Planned

II IIIII I I

Superconductivity, Inc. 460- 2500 KVA Commercial Product
140-550 Wh

. Los Alamos National Laboratory/ 10 MVA 1983-1984
Bonneville Power Authority 30 MJ (8.3 kWh)
ABB, Zurich 1.2 MW 1993-1995
Swiss National Railroad 210 MJ (50 kWh) (Demonstration Unit)

ABB, Zurich 25 MW Awaiting
Swiss National Railroad 3600 MJ (1 MWh) Demonstration Results
Hydro Quebec 10 MVA 1993-1995

33 MJ (9 kWh) (Demonstration Unit)
Hydro Quebec 300 MVA 2000

360 MJ (100 kWh)
MITI-ISTEC 20 MW 1994

420 MJ (120 kWh)
ETM - DNA 10 - 400 MW ????

20 MWh

ABB = Asea Brown Boveri

MITI = Ministry of International Trade and Industry (Japan)
ISTEC = International Superconductivity Technology Center
DNA = Defense Nuclear Agency
ETM = Engineering Test Model



Requirements and Applications

Based on the demonstrations and studies, requirements and applications for
energy storage systems have been summarized in this section.

Six utility applications of BES and SMES and corresponding preliminary
system-performance requirements are shown in Table 1. A brief description
of each application and the feasibility of using either a BES or SMES in each
application follows.

Load Leveling. Utilities in t=le size range of 2,_00 to 3,000 MW typically
need 300 to 400 MW of generation capacity for at least 4 hours to meet
their peak demand. Any form of storage capacity used to displace this
peaking generation capacity must be fully capable of carrying this load until
the peak period passes. Thus, the commonly accepted requirement for a
storage system is at least 40 MWh of storage capacity, capability for diurnal
discharge, and displacement of 10% or more of the peak demand.

Load leveling requiring more than 40 MWh is not easily attained with current
lead-acid battery technology. Typically, this size of battery plant requires
more than 8,000 batteries, and such a large number of batteries in one
facility poses several design problems. These problems include ground fault
detection and an unacceptably high number of parallel strings, leading to
unbalanced charging. Even if these issues were successfully overcome,
utilities are hesitant to accept the maintenance burden perceived with the
operation of such a large battery plant. The development of improved and
advanced batteries that reduce the size and complexity of the plant could
make BES a favorable option for load leveling at some future time.

SMES has been proposed as a candidate for load-leveling applications, and
the concept of SMES for large-scale load leveling has progressed to the point
of engineering design of an Engineering Test Model (ETM). Originally
designed for dual military/civilian use, the ETM has been designed for 20.4
MWh with a military power requirement of 400 MW and a civilian
requirement of at least 10 MW for utility load leveling. The objective of the
ETM is to validate the engineering design of an advanced SMES. However,
the small size and experimental nature of the device leads to an inefficient
unit, and its daily energy consumption may exceed its diurnal storage
capacity. System sizes in excess of several hundred MWh for an efficient
advanced SMES may be necessary to overcome the inefficiencies of the
smaller sized systems.
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Spinning Reserve. Utilities are required by law to have 15 to 20% of their
generating capacity readily available. Because this capacity is commonly
held ready in rotating turbines, it is known as spinning reserve. Energy
storage systems with nominal power capabilities of up to 60 MW, with a
half-hour to an hour of storage capability, could meet the needs of a broad
spectrum of utility sizes. Lead-acid batteries that are available or being
developed are capable of meeting the spinning-reserve performance
requirements.

Existing flooded-cell lead-acid batteries have been successfully demonstrated
in this application in Berlin with a battery that has been operational for over
six years in a combined spinning reserve and frequency regulation mode. In
the U.S., there is a growing interest in BES systems. The Puerto Rico
Electric Power Authority has undertaken construction of a 20 MW/14 MWh
battery to meet its spinning reserve needs. This battery is scheduled for
commercial operation in the fall of 1993.

Frequency oqegulation. Fast-response energy storage systems can be used
effectively to correct the frequency deviations that normally occur on the
utility network as a result of momentary differences between system load
and available generation resources. The requirements for a frequency
regulation storage system are for rapid cycle-to-cycle discharge and rapid
charge capability to compensate for a drop or rise in frequency on a
continuous basis. The current lead-acid system being built by the Puerto
Rico Electric Power Authority will also be used for this application, and other
systems are planned.

The application of SMES for frequency regulation was demonstrated by an
8.3-kWh Los Alamos National Laboratory/Bonneville Power Administration
(LANL/BPA) device in 1983. Operated intermittently for one year, the
system accumulated over 106 cycles. This application demonstrated the
rapid charge/discharge capability of the SMES system and its suitability for
frequency regulation applications.

=

Power Quality. Industrial loads with large motors or other processes that
require intermittent, sharp surges of power during their routine operation
create brief voltage sags that affect power quality at the customer site and,
depending on their severity, can also affect the power quality of neighboring

• customers. Voltage fluctuations and the resulting deterioration of power
quality are becoming an increasingly important service issue as the use of
sensitive electronic equipment increases. Power quality requires minimal
energy storage. Both battery and SMES storage can be used effectively to
provide this short-duration "pulse" discharge that lasts only a few seconds.
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Power quality applications req'Jire high power and low storage capacity, and
commercially available SMES systems are technically suitable to meet the
requirements. The key characteristic of the SMES system is its ability to
charge and discharge rapidly at high efficiency (>95%) with virtually
unlimited life. The power quality application utilizes this characteristic to it,_
greatest advantage, and small SMES systems have been demonstrated at
utility customer sites. Lead-acid batteries can also be used for this
application, and their feasibility has been demonstrated in UPS applications.

Substation Applications. Substation energy storage requires systems in
approximately the 2-to-lO-MW power range, with up to 10 MWh of storage
capability. If the storage system is transportable, utilities can move the
energy storage system to different sites as substation needs change in
response to load-growth patterns over time.

Presently available lead-acid batteries can meet the needs of stationary
substation energy storage. Transportability introduces new requirements for
the system desigr. Improved lead-acid batteries and advanced batteries with
small footprints are particularly desirable. Since substation-upgrade
applications require storage capabilities of up to three hours, SMES is
presently limited by its energy storage capacity and will require significant
development to meet the needs of this application.

- Renewables. Energy storage systems can potentially be an enabling
technology that would facilitate the integration of renewable resources into
the electric utility of the future. The value of renewable resources, especially
photovoltaics and wind, is heavily dependent on their ability to generate
energy when the utility system load peaks. The variability and
unpredictability of these resources make it uncertain that their generation
capability will be available to the utility on demand. If energy storage is
available to a utility, however, the generation capacity of renewable
resources is decoupled from the real-time energy needs of the utility
network, and the energy generated can be stored for dispatch at any time.

Initially, for small pe,_tration levels of renewable resources, the role that
energy storage plays will be small. As the penetration level of renewable
resources increases, the value and ;mportance of energy storage to the utility
network will be greatly enhanced. The performance characteristics required
for renewable support are met by battery technology. SMES may not be
suitable for this application at this time, and developing its capability to
satisfy this application in a cost-effective manner will be a significant
challenge.
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III. TECHNOLOGY STATUS AND DEVELOPMENT NEEDS

This section describes BES and SMES technology along with the
development needs. Energy storage systems require a storage system (a
battery or a superconductor) and the associated hardware to allow the
storage system to interface with the utility grid. The most important piece of

• hardware is the power conversion system. Figures 1 and 2 show complete
BES and SMES systems.

Storage Systern_

Battery Systems• Battery systems store energy electrochemically, and the
storage capacity of batteries depends on the electrochemical couple chosen.
The energy stored in lead-acid batteries is approximately 30 to 40 Wh/kg or
60 to 100 Wh/l. The energy conversion efficiency of lead-acid batteries is
typically about 80 to 85%. Lead-acid batteries are most readily available
because of their other uses with proven reliability and low cost. Advanced
batteries have the potential of doubling the capacity of lead-acid batteries
and have a footprint that may be 25% of the size of lead-acid batteries.

The major concerns of utilities are the reliability (including lifetime) of battery
systems, the maintenance requirements, and the footprint of the system.
Lifetimes of batteries should be enhanced for improved lead-acid batteries
like the VRLA and advanced batteries. Footprints can be decreased by 75%
and energy densities at least doubled by advanced batteries. Demonstrations
of standard designs of BES should demonstrate reliability and real
maintenance rather than perceived maintenance requirements.

To enhance demonstration projects, development is needed in standardizing
system designs for both stationary and transportable systems for both lead-
acid and advanced batteries. Transportable systems would meet short-term
demonstration needs and also allow the utility to move the storage where it
is most needed. Demonstrations will provide performance data needed for
utility planners to consider battery energy storage as a viable option in their
planning.

• Superconducting Magnetic Energy Storage (SMES). This technology is based
on storing energy in the magnetic field of a superconducting coil. Because
direct current flows with negligible losses in superconductors, SMES systems
can be used for small- and large-scale energy storage and rapid
charge/discharge applications.
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Figure 1. Schematicof a BESSystem
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Figure 2. Schematic of a SMES System
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The primary components of a SMES system are

1. A magnet manufactured using either high-temperature or low-temperature
superconducting wire.

i

2. A cryostat/refrigerator that maintains the superconducting materials at
cryogenic temperatures. Typically, this is liquid helium (4.2 K) for low-
temperature superconductors (LTS), and it is projected to be liquid
nitrogen (77 K) for high-temperature superconductors (HTS).

3. A structural support to contain the magnetic field (Lorenz forces, IxB),
which can be warm-supported (generally buried in the ground) or cold-
supported (structural steel inside the cryostat).

Although few superconducting systems have been built for energy storage,
commercially available low-temperature superconductors are used in medical
and scientific instrumentation. They have also been proposed for use in the
Supercollider. Development needs are minimal for low-temperature
superconductors, but their use is limited by the high cost of helium and their
refrigeration requirements.

High-temperature superconductors need significant development. One major
hurdle is a method for processing the superconducting materials into the long
flexible lengths of wire needed for the coils. This is particularly difficult
because the superconducti_,_y depends not only on the exact formulation of
the oxides, but the alignment of the crystals. Another priority is the
development of very efficient refrigeration units.

Power Conversion for BES and SMES

A brief discussion of PCS basics is included here for completeness and to
highlight the equally important development needs for this subsystem in the
commercialization of both battery and SMES technologies.

Both batteries and SMES are dc power sources that require conversion to ac
for interconnected or parallel operation with electric utilities• This conversion
is performed by the PCS. The key component of the PCS is the inverter that
converts the dc output of the storage device to ac during discharge and the
ac to dc for recharging the storage device. Inverter design for either BES or
SMES systems could be substantially similar except for its interface with the

• storage device. The battery, as seen by the PCS, behaves as a voltage
source• The SMES coil, on the other hand, appears as a current source to
the PCS. At present, there are no domestic or foreign PCS suppliers in the
40+ MW power rating• The self-commutated PCS sold to date for BESs
have been one-of-a-kind, special-order units sold at premium cost.

15



Both battery and SMES PCSs can be subdivided into two generic types. One
type is switched or commutated by an external circuit, and the other type is
switched of its own accord. The externally switched PCS, which relies on
the electric utility line for switching or commutation, is called a line-
commutated PCS; the internally switched PCS is called a self-commutated
PCS. Power quality and frequency regulation are stand-alone operations
isolated from the utility network and require self-commutated PCS capability.

Rapid advances in power conversion technology could have significant
impact on self-commutated PCS designs. Until recently, Gate Turn Off
(GTO) switches were preferred for high-rate PCS designs because of their
higher power ratings. Integrated Gate Bipolar Transistors (IGBT), which were
previously available only for lower power ratings, are now being designed for
higher 9ower ratings and offer operational as well as cost advantages over
GTOs. Eventually, IGBTs or similar devices could replace GTOs as the
preferred device for large PCSs. The fundamental circuit design of power
conversion devices is also changing, and new circuits, such as the resonant

frequency power converter, are being designed that have higher power
capabilities and promise lower costs.

The development need is for a "commercial," self-commutated PCS for
power quality, frequency-regulation applications, and renewables.
Demonstrations of energy storage systems with this PCS are needed to
establish its reliability.
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