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Abstract

The use of modular systems to distribute power using batteries to store off-peak
energy and a state-of-the-art power inverter is envisioned to offer important
national benefits. A 4-year, cost-shared contract was performed by Silent
Power, Inc., to design and develop a modular, 300-kVA/300-kWh system for
utility and customer applications. Called Nas-P,, this system uses advanced
sodium/sulfur batteries and requires only about 20% of the space of a lead-acid-
based system with a smaller energy content. Ten, 300-VDC, 40-kWh
sodium/sulfur battery packs are accommodated behind a power conversion
system (PCS) envelope with integrated digital control. The resulting design
facilitates transportation, site selection, and deployment because the system is
quiet and non-polluting, and can be located in proximity to the load. This report
contains a detailed description of the design and supporting hardware
development performed under this contract.
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ABSTRACT

The development and the eventual commercial introduction of a modular, outdoor package
for distributed power using batteries to store off-peak energy and a state-of-the-art power
inverter is envisioned to offer national benefits. This Program supported the design and
development of a modular 300 kVA/300 kWh system for utility and customer applications.
Called NaS-P,, it is a system which is 20% of the size of a comparable lead acid based
system. Ten, 300 VDC, 40 kWh, sodium sulfur battery packs from Silent Power, Ltd. are
accommodated behind a power conversion system (PCS) envelope with integrated digital
control. The resulting design facilitates transportation, site selection and deployment, as
a quiet, non-polluting, source located in proximity to the load.




EXECUTIVE SUMMARY

Introduction

The Sodium Sulfur Battery Engineering for Stationary Energy Storage Program was
sponsored by the DOE Office of Utility Technologies. Their goal is to reduce the country's
reliance on imported oil, to improve generating reliability, and to reduce the cost of
electricity while lowering environmentally damaging emissions from fossil fuel generators.
This program was performed by Silent Power, Inc. (SPI) under a $4.1 million, 42 year
contract with Sandia National Laboratories (SNL) that was cost shared by SPI at 22%.
The primary objectives of the program as proposed were: 1) to develop a preliminary
design of a Utility Energy Storage (UES) battery, 2) to build and deliver a battery module
representative of state-of-the-art technology and 3) to progress the development of
components comprising the battery to improve life, durability, reliability and safety. To
accomplish this, the program was divided into the following four tasks:

Utility Applications Assessment

UES Cell and Battery Development

Assembly and Test of a Prototype Battery

Battery Energy Storage System Design and Cost Development

Pobh=

The applications task was originally included to gain a better understanding of the needs
of the utilities so that effective design activities could be pursued. However, as the
program was carried forward, this work became a keystone around which the program
evolved. Silent Power’s approach regarding the design requirements and applications
changed during the course of the program. Initially, it was thought that the UES battery
would be a relatively large system which would be custom built at the site for the specific
utility application. However, a small, modular energy storage system that is easily
transportable and may not even be owned by a utility was found to be the most attractive
for the sodium sulfur Battery Energy Storage System (BESS).

This report summarizes the accomplishments of the program.

Applications

SPI participated in an Opportunities Assessment Forum held by SNL in which utility and
customer applications were considered and a relative assessment made of the most
promising BESS applications. For the NaS-P,. system — the name chosen for the sodium
sulfur BESS — the important characteristics identified were:

+  <1MW to 2MW power

« 11to 2 hours duration

- daily utilization

« small footprint

« transportability

X
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Matching the characteristics of the sodium sulfur BESS with the requirements for the
candidate applications, the NaS-P, system offers advantages for renewable generation,
as a means to defer upgrades to distribution substations, and as a reduction to transient
and customer peak demand. All combined, the benefits identified for NaS-P,. systems
amounted to $14 billion over the next 15 years.

Rather than have the customer accept the risk of peak clipping, it might be more
acceptable to allow the utility to dispatch the power to meet its system peak. The on-site
storage, then, can provide power quality/reliability as a net benefit to the customer. This
is one way of insuring lower cost premium services, a goal that utilities today are trying to
meet in order to remain competitive.

The 300 kVA Modular Design

Prior to the program start in 1991, large utility battery projects, such as the 10 MW/40
MWh SCE facility in Chino, CA, and the 5 MW/10 MWh BEWAG facility in Berlin,
Germany, stood as working BESS showpieces. These BESS’s were designed for utility
load leveling, frequency control and spinning reserve. The magnitude of the large battery
projects required the coordination of battery, power converter and control electronics
manufacturers, as well as the design and site engineering firm that managed the project.
Moreover, the risk associated with integrating such capital intensive projects could be an
impediment to the successful introduction of BESS.

To circumvent these issues, SPI proposes that modular (300 kVA/300 kWh) units be
assembled and transported as "turn-key" systems which utilize state-of-the-art power
inverters from the UPS industry and sodium sulfur batteries similar to those being
developed for electric vehicles (EV’s). The result is a very compact package designed to
facilitate transport with a visual appearance and size commensurate to a standard
commercial power transformer. The systems are targeted for use with the applications
noted above and can simultaneously serve a number of other functions, including insuring
power quality and reliability. Unlike the large BESS projects, these modular systems can
provide a dispatchable source of distributed power close to the load that allow better load
management. By so doing, a utility can operate more efficiently and serve its customers
better.

The latest sodium sulfur EV batteries from Silent Power, Ltd. (SPL) still offer excellent
energy density but have been redesigned to provide a power density that now exceeds the
USABC Mid-Term EV battery goal. The following performance has been measured for a
28 kWh prototype battery developed for a specific EV: 115 Wh/kg, 150 Wh/liter, 240 W/kg
and 310 Wiliter. Consequently, the sodium sulfur BESS offers application flexibility in that
a single design can be developed to provide both high power pulses for power
quality/reliability and also sustained power for peak shaving and extended outage
protection.

Since the sodium sulfur battery must be kept thermally hot in order for the electrochemical
reactions to take place, the system must be well insulated and, in addition, possibly cooled

Xi




for high rate discharge applications. This has been highlighted as a disadvantage by
opponents of high temperature battery technology due to the associated cost, volume and
weight. For the stationary outdoor application, however, this perceived penalty is an
advantage because the cooling system is able to efficiently reject heat from the inverter
and the battery during sustained power discharge and the insulation system allows the
BESS to be ambient temperature insensitive. The compactness of NaS-P,¢ then, is due
to the nature of the battery, the number of batteries required to insure warranted life, and
the efficient cooling design. The end result is a complete system that is five times smaller
and three times lighter than a lead acid based system with a comparable energy content.
Importantly, sodium sulfur batteries are expected to be warranted for 5 years, independent
of the number of cycles, in a sealed maintenance-free package. As a result, SPI believes
that these features will enhance customer siting opportunities and acceptance.

The 300 kVA/300 kWh modular system design that was developed during the program is
depicted in the adjacent artist’s drawing. An entry market product such as this would use
a 300 VDC, 40 kWh EV battery design. Ten battery packs, connected two in series by five
in parallel, fit conveniently be-
hind the 2.3 m (7%2") high by
2.1 m (7') wide face area of an
available 300 kVA power con-
version system (PCS). The
attached structure was
designed to support and ac-
cess the battery packs for
eventual on-site replacement.

NaS- PAC Modular Battery Energy Storage Unit

300 kW, 480 VAC,
3 Phase Power Converter

* Multi-battery Options for
Pulsed and Continuous
1-2 Hour Operation

* Pad Mounted and
Ready to Use

* Dimensions:
TWx7.5Hx 8D

* Weight: 16,000 Ibs.

The NaS-P,. system was
designed to deliver up to 1
hour of continuous power in a
single package. An option
exists to add-on a modular
block for an additional hour of
service that may be required
for specific applications. To
lower system cost, the battery
management system (BMS)
function was integrated into the

® 40 kWh, 240-320 VDC

* Sodium Sulfur Technology
from Silent Power, Ltd.

e Sealed
* No Maintenance

* Seif Contained Electrical
and Thermal Management

LN

existing power conditioning NaS-Pac
system (PCS) digital processor Replaceable Battery Pack
control.

The projected selling price for the 300 kVA/300 kWh NaS-P,. was developed from quotes
furnished by the suppliers of the individual components; these included the battery, the
PCS, the support structure, and associated electrical components; additionally, the effort
to assemble and qualify the BESS was estimated and costed in detail. A costing study
based upon the first stage of commercial production had been performed by SPL for a
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40 kWh EV battery; for a production volume of 10,000 batteries per annum, a price of
$245/kWh is projected. As the EV market grows to 100,000 batteries per annum, the price
is expected to decline to less than $150/kWh. The rationale for using EV batteries is that
a market of this size would determine production investment decisions. Combining
manufacturing volumes of a common EV/BESS battery will benefit the sodium sulfur BESS
in that lower battery prices will be available when the NaS-P,. is first commercially
introduced and prices will then decline in the subsequent years.

The price of the specified 300 kVA bi-directional inverter was quoted as $260/kW in limited
volume, approaching $180/kW for larger quantity orders for the fully mature product. The
PCS was specified to be self-commutated, using insulated gate bipolar transistor
switching and pulse width modulation control with four quadrant operation capability. It
also included event storage and remote access for status and maintenance, features that
are available on high end UPS equipment today. With this capability, the BESS deployed
throughout the country can be accessed, interrogated and even serviced from a single
location. The controller includes a user friendly interface which will permit a utility to

‘dispatch the power according to their specific protocol.

The total system selling price for the NaS-P,. is $189,000, or $630/kW (also, $630/kWh).
At higher production volumes, it is estimated that this price would be reduced to $428/kW.
At this lower level, the system is competitive with today’s low emission diesel and small
gas turbine generator sets. The distinct advantages, however, for the sodium sulfur BESS
are its instantaneous availability, quiet operation, air quality benefits, and small footprint.

For the customer peak shaving application where the utility demand charges can be as
high as $17/kW, the payback period on the purchase of a NaS-P, system is 3 years,
assuming that the peak is clipped each month. A net present value (NPV) analysis was
undertaken, which assumed an after-tax discount rate of 7.0%, battery replacement every
5 years, and a proper accounting for energy losses. The return on this investment (ROI)
is 30% with an NPV of $500,000 over the 30 year life of the investment. The ROI declined
below 15% for cases in which the amount of storage had to be increased to 2 hours.

Alternative BESS Designs

In addition to the 300 kVA modular size, SPI developed designs for smaller systems that
might be more appropriate for some commercial and residential applications. The smaller
size classes include 30 kVA (50 kVA peak) and 3-4 kVA, each with 2 hours of useful
storage. The larger unit contains two of the 28 kWh EV batteries and includes a fully
integrated PCS with similar features as the 300 kVA design. The 30 kVA system could
serve multiple functions by storing off-peak energy and providing peak power, providing
outage protection and power quality, or serving as a storage unit for a renewable
application. The advantage of the design is again its compactness, being only 1.1m tall
with a total volume of 1.24 m>. This 30 kVA BESS is estimated to cost $31,500.

The smaller 3-4 kVA system is proposed for dispatchable service to a residential heat
pump/air conditioner, possibly in a utility demand side management program. The unit
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would store off-peak energy to drive a heat pump for 4 hours during the utility load peak.
A 24 VDC cylindrical sodium sulfur battery design was developed specifically for this
application. Four of these cylindrical batteries are employed in the system design to
provide 48 VDC, which is converted to 120 VAC/208 VAC, single phase. This system was
conceived as a possible add-on to a 3 ton residential heat pump, permitting utility dispatch
as well as providing outage protection for the home. The expected price for this system
is $5000, but, in volume, this price could conceivably be reduced to $2700.

Battery Component Development

Development of battery components for a sodium sulfur BESS comprised a major portion
of the overall program effort. Development of a sodium sulfur cell specific to the BESS
application was the primary focus, but effort was also devoted to improving the design of
the battery core and the thermal management system.

An activity was undertaken to develop a cell larger and longer lived than what was being
developed by Silent Power for the EV application. The design goal for this cell was 60 Wh
and a 10 year life. With such a cell, the first cost of the battery and its life cycle cost would
be significantly reduced, stimulating rapid market growth following the early introduction
period during which the low risk — financial and technical — approach of having utilized the
EV product was taken. In order to show technical feasibility of this c/S cell design,
freeze/thaw durability, cell safety, and performance reliability had to be demonstrated.
These objectives were satisfactorily accomplished, though a number of issues remain to
be resolved before the cell is ready for commercial production.

The cell development task began with a preliminary design which was loosely based on
an earlier ¢/S cell design, designated as the TD cell, which had been developed and tested
at SPL. A build of 15 of these cells have been the longest lived sodium sulfur cells ever
fabricated by Silent Power; they had lifetimes exceeding eight years. The major
differences between the preliminary c/S cell design and the TD cell design were the
configuration of the electrode seals and the sodium reservoir. Both changes were
introduced to reduce the volume and eventual manufacturing cost of the cell. During the
course of the program, a number of component design changes were incorporated into
and tested in the preliminary design. During this developmental effort, approximately 145
preliminary cells were fabricated and tested. A large part of the developmental effort was
devoted to developing a sodium electrode seal which was not susceptible to environment
assisted cracking. Several current collector coating materials were evaluated in an effort
to find a non-chromium bearing material which would perform at least as well as nichrome.
Other developments were enhanced safety features and an improved method for filling
cells with sodium. At the end of the cell component development effort, the best
component designs and materials were incorporated into the prototype design for
fabrication and testing of a number of nearly identical cells.

The total number of prototype cell builds initiated was 125. Of these, 25 failed at various

points during the fabrication process, and 55 of the cells placed on test failed as a result
of latent fabrication defects. Of the combined fabrication and latent defect failures, 35
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were associated with sodium electrode seals and 37 were associated with sulfur compart-
ment final closure welds. Forty-five prototype cells were tested for freeze/thaw durability,
safety verification, and beginning-of-life performance.

The freezefthaw test results of the prototype cells far exceeded the goals set at the
beginning of the program. The goal was to expose each of 10 cells to 10 freeze/thaw
cycles without any failures occurring. In the group of ten prototype cells tested, all ten
survived a minimum of ten thermal cycles without failure. In fact, throughout the program,
no cells failed during freeze/thaw cycling as a result of electrolyte fracture. Several cells
were also subjected to a number of freeze/thaw cycles in the fully discharged condition
without failure. No goal had been set for this test condition, but this testing was added
following the initial successes, for it is viewed as being the most severe freeze/thaw
condition; prior experience with larger, central sodium cells at Silent Power showed that
cells did not survive thermal cycling in the fully discharged state-of-charge.

The results of the safety testing did not fully meet the goal initially established for safety
during electrolyte fracture. The goal was that the temperature of the cell remain below
500°C following the intentional fracture of the electrolyte and that no breach occur in a
population of ten cells tested. Only one of 15 prototype design cells breached its
container, but three of the cells did experience temperature excursions over 500°C
following fracture of the electrolyte.

The 20 remaining prototype cells were electrically cycled to evaluate their early life
performance. At the close of the program, eleven cells had completed over 200 cycles and
their performance was stable. Most of the cells required between 50 and 100 cycles
before their resistance and rechargeability stabilized. The resistance of many cells was
over 30 mQ at the beginning of test, but after break-in, the average resistance of the
eleven cell sample was 13.2 +2.3 mQ compared to the design goal of 12 to 13 mQ. The
rechargeability of the cells was generally good during the first few cycles, with acceptable
average unrecoverable capacity values of 8.7 +2.2% of theoretical.

More work needs to be done to optimize the cell design and fabrication processes in order
to improve manufacturing yields, to reduce the number of latent defect failures, and to
attain acceptably low manufacturing costs. If at some time in the future the decision is
made to commercialize batteries with ¢/S cells, a number of cell issues need to be
resolved. Among the most important of these are: thermocompression bond seals, final
sulfur compartment closure welds, cell safety, and cell life.

Battery component development was directed toward design options that promised to be
lower in cost or more efficient than the present EV related designs. For the stationary
BESS application, the battery size and weight design constraints can be relaxed relative
to the EV design. Therefore, specific battery development was undertaken to tailor the
design to lower cost features. This included eliminating an evacuated thermal enclosure
in favor of using conventional low cost insulation. This also simplified the power
feedthrough design and eliminated the cost of beliows and a fully welded assembly. In
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place of an active oil cooling, a passive design using a low cost salt eutectic (KCI-LiCl)
was located in the free interstitial space between cells and was used to limit cell
temperature rise during sustained discharge periods. To improve the heat transfer, cells
and salt capsules were bonded together into a matrix using a ceramic (MgO) cement.
Tests with cell strings proved the superiority of this cement over more labor intensive
isolation approaches. Utilizing the volume available between cells to store the salt extends
the battery full power discharge period by approximately 2 hour.

Deliverable Module

All of the above battery component developments were included in a 32 VDC, 13 kWh
prototype battery module that was delivered to SNL for testing. Since the development
status of the ¢/S cell was immature, it was decided to utilize EV cells fabricated at the SPL
pilot plant for the module build. Cell strings received from SPL were dipped in a MgO
slurry, air dried and assembled along with the thermal energy storage capsules into bank
halves. Each half bank was made-up of 24, 4-cell strings. The entire half bank was then
dipped in the MgO slurry to complete the rigidized matrix. Rather than impose an
additional thermal cure, the banks were allowed to air dry before final assembly. The
completed module was then assembled from four series connected banks.

The battery and its attending BMS completed a series of break-in tests at Sandia National
Laboratories. The initial performance of the battery met expectations for available capacity
(460 Ah) and internal resistance (13.1 mQ). Shortly after break-in, the battery began to
rapidly loose capacity, and testing was discontinued after five months and 133 cycles. A
post test analysis of the battery showed that the rapid loss of capacity was mainly due to
a high number of failed strings comprised of cells from a single manufacturing lot. The rate
at which the battery capacity declined was aggravated by the fact that cells from the three
manufacturing lots were not uniformly distributed throughout the battery. Had this been
done, the life of the battery, defined as the point at which the battery was no longer able
to deliver the rated capacity of 400 Ah, would have been somewhat longer.

Conclusions

The program was successful in its efforts to produce a modular sodium sulfur BESS design
that is compact, transportable, and cost competitive. Through several outreach activities,
a number of utilities, each with specific problems, were attracted to the technology. The
NaS-P,. system prices developed in this study appear to be in line with utility investment
criteria. What remains is to work with a few select utilities in order to develop a design and
control algorithm that addresses their immediate needs.

The larger cell development activity, though not totally successful, did make significant
advances in the technology and can be picked-up and re-introduced at a later time when
profits from the sale of BESS’s are sufficient to allow for product development.

Overall, this program was completed at a cost less than the $4.1 million contract value, on-
time, and the milestones and deliverables having been met.
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L Introduction and Program Plan

In August 1991, Silent Power, Inc. (SPI) was awarded a $4.1 million cost shared contract
by the Department of Energy (DOE), Office of Utility Technologies, to perform application
and design studies and to provide engineering development of an advanced (sodium
sulfur) battery energy storage system directed toward the utility market. The program,
which was directed by Sandia National Laboratory (SNL), Storage Batteries Department,
was part of a broader DOE program to develop battery storage systems for utilities and
utility customers that offer national benefits in regards to more efficient use of natural
resources and improved air quality. This contract was cost shared by SPI at 22%.

The program that SPI undertook was divided into four technical tasks:

Task 1 - Utility Applications Assessment

Task 2 - Utility Energy Storage (UES) Cell and Battery Development
Task 3 - Assembly and Test of a Prototype Battery

Task 4 - Battery Energy Storage System Design and Cost Development

* . [ ] 1 2

The tasks were organized so that the output of Task 1 could be utilized to drive the design
and development tasks that followed. The Task 1 activity, in coordination with the SNL
sponsored Battery Systems Opportunity Assessment sought to determine utility
applications in which sodium sulfur batteries, with their high energy density, offer
significant advantage. Several applications were selected as a basis for the battery design
and development performed in Task 2 and for the full scale system design in Task 4. Task
3 provided a representative battery deliverable that showcased the performance features
of a cost effective design that are believed necessary for UES applications.

Tasks 1 and 4, in particular, were highly interactive, resulting in a modular system design,

termed NaS-P,.. Consequently, these activities are discussed consecutively in this
report. The bulk of the hardware effort (Task 2) developed a larger , low corrosion cell
configuration that is believed necessary to provide the required life and cost in order for
this technology to be competitive compared to alternative storage and generation systems.
The following sections describe the work that was accomplished on this program.

" As compared to the 10Ah PB celi.
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Il. The Silent Power Sodium Sulfur Battery

As background to the implementation of this Program, it should be recognized that Silent
Power has been developing the sodium sulfur battery over the past 20 years primarily for
the electric vehicle market. This experience base has been utilized in order to take
advantage of demonstrated battery reliability and safety as well as manufacturing
economies that can be realized during the early stages of product introduction. The
Program therefore builds upon this extensive design and manufacturing base established
for the-electric vehicle market.

A well known attribute of the sodium sulfur battery has been its excellent energy density.
Batteries built using cells manufactured in a semi-automated pilot plant in the early 1990
time frame had energy densities approaching 100 Wh/kg. This technology was directed
toward a delivery van application, and power was therefore not a design driver. As a result
of the USABC goals, improved power capability was dictated. Silent Power re-designed
the cell, which is shown in Figure 2-1, to achieve a specific power at the battery level of
240 W/kg; this is twice that of the earlier design. There was also an accompanying
improvement in the specific energy; it increased to 117 Wh/kg. Figure 2-2 illustrates that
the performance of this high power sodium sulfur battery now exceeds the Mid-Term
USABC goals.

Batteries employing this improved technology have been built and demonstrated in
vehicles. A cutaway of a 40 kWh sodium sulfur battery is depicted in Figure 2-3.

Figure 2-1. The New High Power 20Wh Sodium Sulfur Cell from Silent Power
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Figure 2-2. Performance of SP Batteries Relative to
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Figure 2-3. 300 VDC, 40 kWh, Sodium Sulfur Battery from Silent Power
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The battery is comprised of approximately 2000 “small” cells. Each cell fully contains the
liquid sodium and sulfur reactants in a hermetically sealed enclosure. A solid beta"
alumina ceramic tube is the electrolyte, separating the two reactants. The cell

_ electrochemistry is exceedingly simple, involving sodium ion transport through the ceramic

and subsequent reaction with sulfur to form sodium polysulfides. The reaction takes place
within a temperature range of 320 °C and 350 °C. Favorable characteristics of this cell are
a flat EMF of 2.074 volts for 80% of the discharge and a 100% columbic efficiency.

The cells are arranged in a series/parallel network to obtain the desired battery voltage
and capacity. For the 40 kWh battery shown, 14, 4-cell strings form planar banks; 40 of
these 8 volts banks are then connected in series. The banks are cast into a “cement”
matrix to form a component that will carry the internal loads and is handable for the
assembly of the battery. The cast matrix material also provides a redundant safety feature
in that it can absorb and “trap” any cell effluents in the event of breaching. Between the
two planar layers are cooling plenums. The battery’s active cooling system is designed
to allow for a 1 hour continuous discharge; this is a USABC requirement. However, it also
provides the capability for a quick cool-down of the battery so that it can be recharged
immediately following a fast discharge drive or in the event of an anomalous operation.

Being a high temperature battery, an effective thermal insulation is required to maintain
the battery at operating temperature. Furthermore, volume is a critical design driver for
the EV application, so a “high tech” solution employing a double skinned evacuated
enclosure has been developed. This enclosure is evident in Figure 2-3.

The sodium sulfur battery described above is the present state-of-the-art of the technology.

Furthermore, it is the basis for the design of the BESS (Task 4) which would be initially

introduced into the market place. The prototype battery which would be built and delivered

to Sandia utilized the “low” power cell technology that was still being manufactured in-
Silent Power’s pilot plant during the early years of the program.
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. Utility Energy Storage Applications

One of the most dynamic aspects of the Program has been the evolving understanding of
the potential uses for Battery Energy Storage Systems by utilities or through utilities to
their customers. In its original proposal, Silent Power, Inc. intended to use this task as a
means of selecting an appropriate utility application as a basis for battery component
development, system design, and, finally, for a future demonstration of its technology. The
approach was to develop preliminary battery system designs for three utility applications,
to cost these designs, and then to make a decision as to which design to pursue in detail.
In actuality, what occurred was somewhat different in that the application’s assessment
and the design activities were highly interactive and were performed in parallel. This
section describes the work which was performed to identify the utility applications and to
specify the requirements for the sodium sulfur BESS which provide the most attractive
cost benefit.

3.1 Modular Integrated System Approach

SPI recognized early in the implementation of Task 1 that modular, utility class (200 to
500 kVA with 1 to 2 hours of storage), integrated battery-inverter systems offer a very
important ingredient missing in most, if not all, of the large 10 to 20 MW demonstration
projects that are presently operating. The modular design offers a “turn-key” system,
meaning a fully self-contained system that integrates the operation of the battery with the
power electronics and controls. The BESS operation would be verified at the
manufacturer's facility so that commissioning could be completed shortly after arrival at
site. Having one or, at most, two manufacturers involved in the production of a complete
system is a definite benefit. The large BESS projects involve separate manufacturers of
specialized components with the system integration burden falling on the shoulders of the
utility or a designated A&E firm.

For SPI, the modular system approach is consistent with its current battery manufacturing
limitations. Previously, SPI had completed battery engineering studies -- Core Technology
Program [1] and the EPRI Phase P - Commercialization Planning Program [2] -- which had
considered large 100 MWh battery plant designs. The present Program provided an
opportunity to reassess the battery system design in light of the realities of present
manufacturing capabilities, while offering the potential for reduced cost by eliminating the
need for custom (purpose built) designs.

Modular integrated systems offer convenient transportability in that they can be sized for
overland truck transport and/or shipped in a seabox. A utility or large customer site might
require many such modular systems to fulfill its needs. In principle, the BESS comprised
of several modular units operating in paralle! appear to offer better reliability than a system
comprised of one or two large power converters, fed by a few battery strings, all of which
are critical to the operation of the battery plant. There are economic and technical
limitations as to how large of an instaliation (capacity) which can be satisfactorily
addressed by these modular systems. Certainly, they are appropriate for loads requiring
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1to 2 MW, but, at the 10 MW level, modularity is likely to result in a higher overall system
cost; however, this penalty may be justifiable in order to achieve higher system reliability.

Distinctions between modular integrated and large BESS are the functions that each would
serve and where they might be located. Large systems can be designed to “catch”
generator outages so as to prevent voltage and frequency sag; in this way, they would
provide the “ride-through” time necessary for the electrical system to compensate without
having to shed load. This situation is more apt to occur in stand-alone grids, such as island
electrical supply, rather than on the mainland where utilities are interconnected to stiffen
the overall system. The large systems are appropriate for transmission stabilization and
spinning reserve functions. In these cases, the BESS is likely to be located in close
proximity to the transmission line and central to the participating utilities. Important to
recognize is that the large systems are centralized under the direct contro! of the utilities
and are strategically located to serve the utility interest.

The modular systems, as are being proposed, are located close to the load —i.e., at a
distribution facility, substation or customer site. This is the basic concept of a distributed
generation/storage scenario. As depicted in Figure 3-1, BESS could serve industrial and
commercial customers with non-polluting, on-site power and, in the future, provide storage
for residential solar applications. The value of storage, however, is dependent on its
benefits as compared to other competing technologies. A unique feature of battery
systems is their instantaneous response; whereas, diesel and gas turbine generator sets
require a finite period of time to start-up and to accept load. Although the start times for
these devices have been improved, it is unlikely that stable operation can be achieved in
seconds. Therefore, battery powered systems will always maintain this advantage.

Discussions with utilities have revealed that, in order to be competitive with diesel
generators for substation peaking power, a hurdle price of $350/kW is required. In some
cases, there is an opportunity for 5 hours of load leveling to handie the summer air
conditioning load, provided the price of the system is less than $475/kW. It will be difficult
for BESS manufacturers to achieve these cost targets. Unfortunately, the price of a BESS
includes a significant capital cost component which is directly attributable to energy or
operating duration. For the combustion systems, this is handled as a fuel charge or
operating expense. As long as the fuel remains inexpensive, abundant, and imposes no
pollution penalty, BESS will remain a niche market. Given a mature market, one can
attempt to estimate the maximum amount of storage that will allow a BESS to compete with
combustion equipment. In the following equation, the right-hand side contains the costs
associated with power, energy and miscellaneous items comprised of housing and

Hurdle Price = $200/kW*P + (1.25) $150/kWh*P*1 + $50/kWh*P*1

structure and battery related electronics, respectively. The battery portion contains a
factor of 1.25 to include the effects of aging — i.e., the manufacturer could oversize the
battery capacity initially to allow batteries to degrade by 20% before replacement.
Inspection suggests that the $350/kW hurdle could be met if the system provided less than
1 hour of battery storage. What is acceptable based on relative economics, however, may
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not be relevant to what can be tolerated in the application. If the application required
2 hours at rated power, the cost of the BESS at $675/kW would not be acceptable unless
an instantaneous response time was mandated. If it is important not to be tied to the limits
set by installed battery capacity, a hybrid system employing both batteries and a thermal
generator may be a viable alternative. The battery capacity would be sized only to aliow
sufficient time for the generator to stabilize and to accept load; this may be only 15
minutes. The mature cost of such a hybrid system, however, is likely to be $550/kW and
could be higher based on system control complexity. At this price, one could afford an all-
battery design with 1.5 hours of storage.

3.2 Opportunities Assessment

In order to characterize the capabilities and opportunities for BESS, DOE through SNL
conducted two Opportunity Assessment forums with battery manufacturers, system
integrators, utilities, and industrial consultants. The output from these forums was the
identification of viable utility-related applications for BESS and a preliminary definition of
their benefits and costs.

One of the outputs of the Opportunities Assessment was a set of weekly load profiles
representative of mutually compatible applications. The premise was that enhanced
benefit would result from addressing several combined applications that could be met with
a single BESS design. Increased benefit also implied the potential for increased allowable
system cost. It has been SPI's experience, however, that some utilities make purchase
assessments based on a single application and that attempts to enhance benefit by
combining applications is interpreted to mean that the technology is not cost effective.
This view may be a direct result of present day utility structure — one perhaps constrained
by compartmentalization. According to one utility, if the customer is the primary
beneficiary, then the system cost must be in-line with the customer’s investment criteria.
This attitude may be changing with the threat of competition among utilities. Utilities are
recognizing that they will have to offer lower cost services and increased service options
in order to retain their important customers . Perhaps there is a role for BESS in this
competitive environment based on mutual benefits in this new era of cooperation between
utilities and their customers.

The results of the two Opportunities Assessment forums are summarized in a Sandia
report [3]. The discussion that follows draws from this report but highlight, in particuiar,
SPI's input into this report.

A list of applications was compiled along the lines of traditional utility components — viz.,
generation, transmission and distribution (T&D) and customer service. Specific
applications, where BESS might offer benefit, were identified under each category; these
include spinning reserve, capacity deferral, area/frequency regulation, load leveling and
renewable applications identified under generation. For each specific application, seven
parameters were listed as characterizing the needs of the application. These included:

3-4



Power
Storage Time
AC Voltage
PCS Type
Annual Utilization
Footprint
Portability

Table 3-1 summarizes the requirements for each application identified according to the
input from Opportunity Assessment participants. The first three parameters characterize
the size and cost of the BESS to serve the specified application. The converter
(commutation) type relates to the complexity and cost of the PCS portion of the system
cost; in manufacturing volumes, however, this is not expected to be a significant factor.
Utilization (cycles/year) is an important issue for those battery technologies whose life is
cycle limited. Time-at-temperature (calendar life) is the more important factor in
establishing the life of high temperature batteries and not the nhumber of charge/discharge
cycles. However, this parameter (cycles/year) may be useful as a measure of annual
value or benefit, since, for applications in which the BESS is dedicated, the expected
benefit is proportional to utilization. The final two parameters — footprint and portability —
are desirable features; they may offer flexibility in the siting of the BESS which could be
an overriding consideration in the decision to go forward with the capital project by the
utility. For utilities, portability implies that the system can be transported to a substation
site according to the seasonal demand. In principle, both of these features can be related
to an installation cost savings.

There are other parameters that could have been included in the list, such as turn-key
system and outdoor deployment. The benefit to the utility of having a turn-key installation
was discussed earlier in this section. A BESS that can operate effectively independent of
ambient conditions will reduce capital costs, for an environmentally controlied building will
not have to be provided. It will also eliminate, or substantially reduce, the costs
associated with engineering design, permitting, and site work; all of these are major factors
in the overall installed system cost.

Advanced battery systems, such as sodium sulfur, offer certain advantages depending on
the application. Sodium sulfur batteries provide excellent energy density and high
electrical efficiency with good power characteristics. BESS based on these batteries have
a definite marketable advantage over lead acid systems for applications which demand
1 to 2 hours of storage. Applications that require %2 hour or less of storage are probably
served more favorably by lead acid BESS, flywheel energy storage systems or SMES
systems. On the other end of the spectrum, technologies such as pumped hydro and
CAES provide long duration storage (5 to 9 hours). Application of these technologies is
constrained due to the availability of suitable sites for storage and environmental factors
that tend to limit operation. When compared to other storage technologies, the siting
flexibility and the instantaneous response of BESS are strong attributes that provide
attractive benefits.
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Table 3-1.

Summary of Utility Energy Storage Application Requirements

Spinning 10-100 0.5 12-138 Line 20-50 Medium Low
Reserve
Capacity 10-100 2-4 12-138 Line 5-100 Medium Medium
Deferral
Area/Frequency 10 <1 12-138 Line 250 Low Low
Regulation
Renewables 1 1-4 0.48-12 Line 250 Medium Low
Applications
Load 100 >4 69-765 Line 250 Medium Negligible
Levelingt
Transn yution Applications -
Transmission 100 <0.01 69-765 Self 100 Medium Low
Line
Stability
Voitage 1 <0.25 ' 12-345 Self 250 High High
Reguiation (MVAR)
Transmission 10 2-4 12-138 Line 5-20 High Medium
Facility
Deferral
Distribution 1 1-3 4-34.5 Line 30 High High
Facility
Deferrai
: _Customer Service Applications =~ L
Demand 1 1-2 0.48-12 Line 50-500 High Low
Peak
Reduction
Transit 1 1-2 0.48-2.4 Line 250-500 Medium Low
System
Peak Reduction
Reliability & 0.1 <0.25 0.48 Self <10 High Low
Power Quality
(< 1MW)
Reliability & 1 1-2 0.48-12 Self <10 High Low
Power Quality
{> 1MW)
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In assessing its position with regard to the applications identified in Table 3-1, sodium
sulfur batteries can offer significant size (footprint) and weight savings over a lead acid
based BESS. As a result, it makes for a more transportable system in the 500 kVA/
500 kWh minimum utility power block size. Additionally, since each battery is already
burdened with its own thermal enclosure, outdoor operation is facilitated. To reduce the
parasitic load associated with maintaining battery temperature, applications which
regularly utilize the BESS should be pursued; those applications which have frequent
and/or long stand times between use periods will not offer a cost benefit. If the system is
used daily, there is essentially no thermal parasitic load; otherwise, for each day of non-
use, 7% of the stored energy must be used for maintaining battery temperature. Since the
system is connected to the electrical grid, this make-up heat is provided automatically.
Offsetting this loss relative to lead acid systems, sodium sulfur batteries do not have any
self discharge.

Since sodium sulfur batteries are sealed modular units of a size suitable for EV
applications (typically, 40 kWh at 300 VDC), is no on-site maintenance that can be or
‘needs to be done. The current plan is to warrant these batteries for 5 years, independent
of cycling history, and to replace them on site at that point in time. Finally, and perhaps
most importantly, SPI recognizes a limitation due to its present battery manufacturing
capability. Since batteries are being developed by SPL for the post-2000 year EV market,
high volume, automated production facilities are not yet in place to serve near term battery
needs. As a result, SPI has limited its early BESS designs to small modular turn-key
systems requiring a relatively few number of batteries supplied from a pilot plant
manufacturing facility.

In summary, applications which meet the following criteria listed appear to be most
favorable for sodium sulfur based BESS:

2 MW or less
1 to 2 hour Duration
Low Voltage (0.48-12 kV)
Daily Utilization
Small Size (Footprint)
Portability
Outdoor Operation
Maintenance-Free Operation

in reviewing the potential applications listed in Table 3-1, a good fit for sodium sulfur is
storage for renewables, distribution facility deferral, demand and transit system peak
reduction. In order to enhance the overall benefit, several single applications were
combined into a group of realistic power profiles characterizing the generation, distribution
and customer-side demands. Of these, Group Il (Figure 3-2): Distribution Facility Deferral
and Voltage Regulation, and Group Hll (Figure 3-3): Customer Reliability and Peak
Shaving, were identified as good candidate applications for sodium sulfur.
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Utilities with Voltage Regulation needs in the ones-of-megawatts can add this application to batteries installed for Distribution Facifities
Deterral by making small increases in battery and inverter sizes to allow delivery of VARs during maximum discharge of WATTS.
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This example illustrates a particular case in which a utility employs a battery system to meet a 500 kW/2 hr Peak Shaving Demand and to ensure power reliability to 2
MW for durations of seconds to 15 minutes. Although a fault is instantaneous, and requires onfy seconds of ride-through, facilities with satety specifications that
require manual reset after a fault may require minutes of storage.

Figure 3-3. Combined Application lll: Customer Reliability and Customer Demand
Peak Shaving
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Using the results of the Gateway Study — Battery Energy Storage: A Preliminary
Assessment of National Benefits [4), the national market size and benefits were estimated
to the year 2010 for each of the applications identified. In addition, a list of competing
technologies or measures were identified that could be used to fulfill the need. The T&D
benefit, at $39 billion, offers the largest benefit with deferral of lines and transformers as
the single largest entry. While this was not a good candidate application for sodium sulfur,
the combined market benefit for applications attractive to sodium sulfur amounted to a total
of $14.3 billion, or 25% of the total cumulative benefit for all applications.

3.3 Utility-Industry Outreach

Over the course of the program, SPI developed and distributed two brochures (the first
was released in November 1991 and the second in November 1994). The purpose of
these brochures was to assist utility planners, engineering staff and decision makers in
understanding, in general, the benefits of battery energy storage and, specifically, the
advantages of a “turn-key” sodium sulfur based BESS. The intent was to help potential
users envision how such a system might be deployed in their service territory, how it might
look, and what it might cost. Since the NaS-P,¢ system is not a product that is presently
available commercially, the representation in the brochure was meant to attract attention,
solicit a response, and provide feedback as to the potential size of the UES market. These
elements were all part ofthe UES Applications Study (Task 1). What follows is a
chronology and description of the development of each of these brochures within the
context of the program.

The earlier brochure is presented in Appendix A. It was based on a 500 kVA/500 kWh
modular (stackable) ACUnit, comprised of a 480 VAC power converter (PCS) and sodium
sulfur battery packs designed specifically for this UES application. At the time, the PCS
was considered to be an “off-the-shelf’ item; — i.e., equipment that was available from
manufacturers of power inverters and UPS systems. For the two applications examined
in the brochure, a simple (low cost) line commutated inverter was adequate, since the
electrical grid could provide the commutation. The price of the inverter was quoted at
$200/kW in low production volumes, reducing to $150/kW in production quantities,
depending on the details of the specification.

The 500 kWh battery was comprised of four sealed, series connected, sodium sulfur
battery packs, each with the capability of delivering 150 kWh at a nominal 200 VDC. The
voltage window of a single pack was specified at 240 to 170 VDC, which is the range from
full charge to discharge at a 2 hour rate. The battery pack was made up of 70 Wh cells
(discussed in Section V), designed and developed by SPI specifically for the UES
application. The rated power response was shown in graphical form to demonstrate
operation under conditions of steady load duration (Y2 to 5 hours). This duration was
limited thermally (maximum temperature) for high rate, short duration discharge and by
rated capacity for the long sustained duration.




The brochure concluded with examples of two applications; these being the PREPA
20 MW/4 MWh frequency control/voltage stabilization and spinning reserve application
and a transit peak shaving application. The examples demonstrated that a BESS based
on the use of modular ACUnits with sodium sulfur batteries have the potential to
significantly decrease the system footprint and the cost for these applications.

The later brochure, included in Appendix B, was developed as a realistic pre-commercial
BESS, called NaS-P,., employing sodium sulfur batteries designed by Silent Power, Ltd.
(SPL) for electric vehicle use. This brochure featured a 480 VAC, 3 phase, 300 kVA/300
kWh (rated) modular BESS deployed at a commercial site for customer power
quality/reliability and peak shaving opportunity. The system also offered utility dispatch
capability in a distributed generation/storage scenario. The system was designed around
a 300 kVA self-commutated power converter (PCS), the high end of what is commonly
available today from UPS and PCS manufacturers. The envelope selected was 2.1 m
(7.0") wide by 2.3 m (7.5") high, which is convenient for transportation purposes. The
height allowed a stack of 5 battery packs to fit conveniently behind this envelope. To
ensure a 5 year operation before battery replacement is required, 10, 40 kWh battery
packs were fitted within this envelope. These were connected 2 in series by 5 in parallel
to achieve the rated system specifications for the proposed 5 year warranty period.

Under conditions of a sustained 300 kVA load, the NaS-P, system electrical performance
was shown graphically as a function of the number of battery packs employed in the
system. With 10 batteries, the system could continuously provide 70 minutes of operation.
For applications requiring less duration, however, a system employing 4 batteries could
provide up to 6 minutes of 300 kVA power before hitting a thermal limit. it should be noted
that these EV batteries were designed to deliver 60 kW of power for acceleration; in fact,
the ratio of peak to sustained power for these batteries is typically 8/3. This suggests that
the ten battery NaS-P,. system could be designed to deliver nearly 800 kW of pulsed
power, provided the PCS and wiring were chosen to meet that requirement.

The brochure included a depiction of fruck mounted systems at a utility substation setting.

At 8 tons each, two NaS-P, systems would fit comfortably on a standard flat bed trailer.

The brochure was developed to attract utility interest in BESS as to how it could help solve
some of their immediate problems regarding reliability and power quality. More than 250
of these brochures were mailed to utilities with a self-addressed return postcard
requesting feedback on how the utility might use the system within their service territory.

The utilities that were targeted for the brochure mailer were screened by their reported
cost of electricity purchases. Mr. Brendan Kirby at Oak Ridge National Laboratory
performed a search of their 1993 utility database using $.08/kWh as the minimum
transaction cost for electricity purchases. All utilities that paid $.08/kWh or more for their
electricity purchases would be targeted. In addition to several investor owned utilities, a
large number of small public power companies, cooperatives, and municipals were
identified. Initially, information was sought on power transactions, looking for high peak
demand charges. This information, however, was sparsely reported within the database.
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One difficulty that surfaced in the process was determining whom to direct the brochure
within the utility. In general, the utility departments that seemed most appropriate —
engineering, research and development staff, corporate planning, T&D and customer
account engineering staff — do not necessarily interface with each other on a regular
basis. The hope was that the brochure would circulate around the various departments
within a utility and that an interested party would be identified

A second mailing was directed to managers of demand side management (DSM) practices
within the utility. Utilities were screened by their DSM expenditures during the year. The
premise was that utilities who were spending significant amounts of money in this area
were seeking to defer capital investment or to minimize their expenditures in peaking
equipment and associated operating expenses. This is an area in which BESS can play
a significant role.

The four questions asked on the return mailer were:

(1) At $.50/watt for a turn-key system, do you see battery energy storage (BESS)
as having a benefit within your utility or in customer side applications?

| Yes g No
For which application?
O Within Utility O Customer Side O Both

(2) What is your primary interest (use/perceived benefit) in BESS?
O Dispatchable Distributed Generation O Spinning Reserve
O Seamless DSM Program O T&D Deferrals
O Utility Power Quality/Reliability O Peak Demand Reduction
O Customer Power Quality/Reliability

(3) Do you see advantages to any of the features associated with the NaS-P,¢ system

design?

Compact/Portable System Design O Yes ] No
5 Year No-Maintenance Batteries O Yes 0 No
QOutdoor Siting (Insensitive to Ambient) O Yes O No

(4)  Would your utility be interested in participating in a BESS demonstration program?
O Yes O No

A 10% response to the mailer was obtained. Of these, approximately 2/3 were interested
in BESS at a capital cost of $.50/watt. The remainder implied that the cost was too high,
or they were not sure. Fifty percent were interested in BESS applied on the utility side;
33% saw the benefit on the customer side, while 17% were interested in both applications.
Figure 3-4 summarizes the utility responses to question (2) regarding possible applications
for BESS within their user territory. Over 80% valued utility power quality/reliability
(UPQ/R); 66% were interested in the customer side application (CPQ/R), leaving 33%
seeking either DSM or peak shaving solutions. All of the responding utility representatives
saw advantages in the stated NaS-P,. system features, and, while the majority said that
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Figure 3-4. Utility Applications Response

they would be interested in participating in a demonstration, there were several that
declined.

In addition to developing utility interest via the brochure, SPI gave presentations at utility
association meetings, such as the Utility Battery Group (UBG), Pennsylvania Electric
Association and numerous east coast investor owned utilities and rural electric
cooperatives to discuss potential applications for BESS. Similarly, an industry outreach
effort was made either by way of direct telephone inquiries to specific industry, such as
plastic extruders and blow molders, or through the American Council for an Energy
Efficient Economy. Through these efforts, SPI was able to develop a more realistic picture
of the emerging opportunities for BESS. A summary of the challenges and potential
benefits for this technology in a new utility environment is given in the following section.

3.4 BESS Product Viability

Utility monthly peak power demand charges typically range from $10 to $25/kW across the
U.S. For industrial and most commercial customers, this is a significant portion of their bill.
In general, power charges occupy 50% to 65% of industrial customer bills, depending on
load factor and power factor; for commercial businesses, the range is 35% to 50%. The
balance constitutes the energy related portion of the billing. Utilities charge these
customers for both their connected power (a fixed charge) and for their monthly power
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utilization. This covers the utility's cost for these fixed assets, including a portion of the
distribution network, the transmission system and generation investments. Into this
protected investment structure enters battery energy storage. In this setting, one would
at first think that a utility would have no incentive to support a technology that could
potentially reduce its revenues — i.e., customer peak shaving is aimed directly at reducing
peak power demand and its associated monthly charges. However, if the customer uses
less power, the utility might benefit by possibly being able to defer investment in additional
peaking generation equipment due to growth within its territory. There is a limit to this
argument, for, if every customer employed a BESS, the utility would have excess peaking
generation capability and would be forced to request from the PUC a rate increase to
recover these revenue losses. It remains that battery energy storage is perceived by many
utilities to be a threat to their status quo.

The changes that are taking place in the utility industry today as a result of deregulation
are fostering competition. As a result of open transmission access, the threat is coming
from everywhere and not just from local utilities. Lower prices and increased services are
the bottom line to increasing the customer base. Utility mergers appear to be the first
response to this challenge. Summer peaking utilities are looking to merge with winter
peakers in order to improve their combined asset utilization throughout the year.
Traditional departments within the utility are being downsized and combined to serve the
various business areas more effectively with fewer resources. Utilities are “snapping-up”
efficient independent power producers (IPPs) where there is a strategic advantage to do
so. Atthe same time, utilities are attempting to sign their large customers to long term
contracts at favorable rates in order to retain them in the face of this competition. Amidst
all of these changes, utilities are forced to think about ways of lowering charges and
improving services so that they can gain a competitive edge. Into this environment enters
the threat of battery energy storage. Can the threat be transformed into a strategy, giving
a utility a competitive advantage?

At this stage, utilities appear to be sitting on the side lines, waiting to see who makes the
first move and to see what develops from the on-going BESS demonstrations. A few
utilities are taking @ more active role in this demonstration and pre-commercial phase. The
challenge for BESS manufacturers is to develop a well engineered product that will avoid
the pitfalls of custom designs in regards to field integration start-up problems and their
associated project costs. Here, then, enters the role for the factory integrated modular
systems and for systems that can be expanded as needed to serve the changing needs
of the application. Most importantly, the modular systems address the immediate need by
reducing capital outlay and lowering risk. In the end, these systems may serve to stimulate
the market as an expedient way of reducing the BESS cost to a level where they are
competitive with other more traditional solutions. Utilities are looking for products that can
be “plugged” into their grid to solve particular problems; they are not looking to fund a long
term development project.

The viability of BESS is based on both first cost and life cycle cost investment criteria

which are measured against the environmentally burdened cost of current combustion
generation equipment. Applications that demand instantaneous response to handie critical
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loads for power quality and reliability can only be addressed today by UPS systems
applied directly to the critical load. Utilities can offer multiple feed service and provide
spinning reserve as insurance to stiffen the system against failures. The BESS offers an
alternative and perhaps better solution by locating the source close to the point of use.
Distributed BESS offers utility dispatch during peak demand, while prioritizing the customer
with dedicated power quality/reliability. These dual benefits could help provide the lower
cost and improved services that utilities want to provide and customers want to receive.

For the case of a customer monthly demand charge of $13 to $17/kw, a BESS that costs
$630/kW for an hour of storage (or, $630/kWh) requires 3 to 4 years to payback the
investment, provided the BESS control is successful in clipping the peak for each month.
The resulting benefit depends on the specifics of the application — i.e., the sharpness,
number, and predictability of the load peaks. This is why transit applications, such as light
rail service, are so appealing; morning and afternoon rush hours define daily power peaks
that are easily identifiable. For most industrial customers, the BESS investment
consideration comes after internal DSM measures to reduce the peak load are not
achieving expected results. The BESS complements this effort by offering a seamless
power transfer without having to resort to cutting back power service and affecting
production.

In the dual benefits scenario presented above, the price that a utility will pay for peak
electricity, unfortunately, is less than what the utility will sell it for. With the advent of
widespread distributed BESS, it is worth revisiting the question of whether complete
reciprocity of electricity pricing should be mandated, especially in the face of the premium
services offered by BESS. In the future, will it be accepted practice to drive the electricity
meter backwards?

A cash flow analysis was performed on an initial investment of $189,000 for a 300 kW/
300 kWh BESS with a thirty year equipment life; an after-tax discounted rate of 7.5% was
assumed. The results of this cash analysis is shown in Table 3-2. Included in the analysis
was battery replacement after 5 years, a 4% escalation rate, and excess energy provided
at beginning-of-life to handle the energy inefficiency of the BESS in operation, including
that needed to maintain the temperature of the battery. Assuming that customer monthly
peaks are successfully clipped by the BESS, the results support a 30% internal rate of
return and a net present value (NPV) after 30 years amounting to $500,000. With a lower
after tax discount rate, the investment can be expected to look even more attractive. As
the amount of battery (discharge duration) required to satisfy the application increases, the
cost of the system can be expected to increase, while the rate of return and NPV declines.
This is shown in Figure 3-5. For a system requiring 2 hours of storage, for exampie, the
return is reduced to 13% and the NPV is less than $200,000 over the 30 year life.
Therefore, those applications requiring the least amount of storage should be pursued
initially as part of any commercialization plan.
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Total Project Cost
Service Charge

Battery Replacement Cest
Replacement Labor Cost

Project Year
Calender Year

Service
Battery Replacement
Energy Deficit Cost

Total Annual Cost
Annual Savings

Net Cash Flow

Cumulative N.P.V.
Cost for IRR

Project Year
Calender Year

Service
Battery Replacement
Energy Deficit Cost

Total Annual Cost
Annual Savings

Net Cash Flow
Cumulative N.P.V.
Cost for IRR

Net Present Value

Internal Rate of Return

Profitability Index

Table 3-2. 300 kVA/300 kWh NaS-P,. System Investment Cash Flow Analysis

-189.0 59.6

-189.0 -133.5
45.8

16
2010

34

577.0 K$
30.4 %

41

Demand Charge 16.9 $/kW/mo  Gen. Inflation 0.0475

Demand Reduction 300.0 kW/mo Bat. Inflation 0.0450

En. Charge 0.0592 $/kwh El. inflation 0.0400

En. Deficit 2564 kwh/mo Discount Rate 0.0750
2 3 4 5 6 7 8 9 10 11 12 13 14 15
1996 19897 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
18 1.9 19 20 21 22 23 25 26 27 28 3.0 3.1 32

1221 152.2
20 2.0 21 22 23 24 25 26 27 28 29 3.0 3.2 33
37 3.9 4.1 4.3 126.5 46 438 5.0 5.3 157.7 5.7 6.0 6.2 6.5
65.8 68.4 711 74.0 76.9 80.0 83.2 86.5 90.0 93.6 97.3 101.2 105.3 109.5
62.0 64.5 67.1 69.7 -49.6 75.4 78.4 81.5 847 -64.1 91.6 95.3 99.0 103.0
-79.8 -27.9 223 70.8 38.7 84.1 128.1 170.6 211.7 182.8 221.2 258.5 294.4 329.2
823 111.4 1346 163.1 143.0 154.8 164.2 171.7 177.7 1742 178.0 181.1 183.5 185.4
17 18 19 20 21 22 23 24 25 26 27 28 29 30
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
36 37 39 41 43 45 47 4.9 5.2 5.4 5.7 5.9 6.2 6.5
236.4 2945

35 3.7 3.8 4.0 42 43 4.5 47 49 5.0 5.3 6.5 57 59
741 7.4 77 8.1 2448 8.8 9.2 9.6 10.0 305.0 10.9 1.4 11.9 12.4
118.4 123.2 128.1 133.2 138.6 1441 149.9 155.9 162.1 168.6 175.3 182.3 189.6 197.2
111.3 115.8 120.4 125.1 -106.2 1353 140.7 146.3 1521 -136.4 164.4 170.9 177.7 1848
335.8 367.3 397.8 4273 404.0 431.6 458.2 484.0 5§08.9 488.1 511.5 534.0 555.8 577.0
1855 186.5 187.2 187.9 187.5 187.8 188.2 188.4 188.6 188.5 188.6 188.7 188.8 188.9

188.9 K$ Cost for IRR
189.0 K$ Actual Cost
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Figure 3-5. 300 kVA NaS-P,. System Net Present Value Analysis

Customer power quality/reliability, on the other hand, has a benefit proportional to the
value of the product manufactured. Production losses are likely more significant than
utility expenses, and the benefit will vary directly with the number of times per year that the
quality of the manufactured product would be compromised by poor power quality or
outage periods. As an example, a plastic extruder who stands to loose $35,000 per event
could pay back an investment in a BESS if he were to experience only 5 events over a 5
year period (1 event/year).

If sodium sulfur batteries could be offered in the future which would permit longer periods
between replacement, the impact on system life cycle cost could be significant. To
investigate this, a cash flow analysis similar to that shown in Table 3-2 was performed,;
these results are shown in Figure 3-6. It is noteworthy that the rate of return appears to
be more sensitive for battery replacement periods less than six years. Beyond this point,
the return is fairly insensitive, even though the 30 year NPV continues to increase.

Utilities interested in BESS might lease equipment. In fact, investor owned utilities have
unregulated arms and financial shells that might serve as the lease company. Figure 3-7
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Figure 3-7. Possible Scenario for Leasing BESS Equipment

3-17




presents a lease scenario in which the BESS manufacturer sells his product to the lease
company, who, in turn, leases it to a utility customer. The customer saves on his monthly
utility power charges and pays back the lease. A lower risk alternative is for the utility to
dispatch the power to meet his system peak and pay the customer accordingly. The
customer receives a net benefit of power quality/reliability protection. To insure this
benefit, the PUC sanctions the process by which the customer receives improved service
at lower cost.

High end residential developments are also looking toward UPS type of hardware to
protect their investments. A BESS might serve at the entrance to such a development
where power lines are transitioned from the pole to underground cable. In this way, the
entire development is protected against losses, while the capital investment is spread
among the number of residential customers served. With the advent of real time pricing
comes a significant opportunity for BESS. As suggested in Figure 3-8, with differential
energy prices of $.20/kWh to $.30/kWh, future BESS systems with 2 to 3 hours of storage
begin to look attractive.

In closing this section, a summary of BESS market opportunities, or “How to provide lower
cost services.” is listed below:

| 260 days/yr
iCost(%x/ ki)=2 =0 (1+t)

—e

- Price Differential

\\M‘”i\.\

$0.30/kWh

Cost /An.Benefit (yrs)
N WA O N 0 ©

N

3 4 S 6 7 8
Storage (hrs)

Figure 3-8. Impact of BESS Size on Payback Using Real Time Pricing
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Application

Small Public Service Utilities,
Municipals, Cooperatives

Distributed Dispatchable Power:

- light industry (1 to 5 MW)

- commercial sites (0.1 to 1 MW)
Residential Developments

Storage for Renewables
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IV. Battery Energy Storage System Design and Price Development

The development of the sodium sulfur BESS design and associated selling price was
accomplished in parallel with the Task 1 Applications Assessment. The two activities are
integrally related and inseparable, although, for programmatic reasons, each is discussed
within their appropriate section.

In order to differentiate the sodium sulfur BESS design, the name “NaS-P,.” was coined;
it is an acronym for Sodium (Na) Sulfur AC Power System. The development of a
preliminary design of the commercial NaS-P, product is presented in the following
sections.

4.1 Development of a 300 kVA/300 kWh NaS-P,. Modular System Design

As discussed in Section 3.1, the
development of a modular BESS
progressed from the idea of a “turn-
key” system that would be a modular
building block for larger systems and
which would be transported on a flat
bed truck. The smaller size offering
would also be compatible with a start-
up manufacturing business so as to
reduce its financial risk.

411 NaS-P,. System Design
Considerations

In the interest of minimizing cost and
enhancing utility and utility customer
applications, an availabie 300 kVA
power converter (PCS) was selected
as the basis for the design. This was Figure 4-1. 300 kVA - 1 hour, 480 VAC,

the largest standard inverter size that ‘NaS-P, System

was commercially available for UPS

applications. Figure 4-1 shows the NaS-P, integrated into a standard PCS weatherized
enclosure. The dimensions of this box are 2.3 m (7.5') high by 2.1 m (7') wide by 2.6 m
(8.5") deep, which are fully compatible for overland trucking or to fit in a standard seabox.

In order to deliver 300 kVA continuously for one hour so that operation will be
maintenance-free over the five year life, ten, 40 kWh Silent Power EV sodium sulfur
batteries are required. As shown in Figure 4-2, five of these batteries can be conveniently
stacked within this height limitation, and the width can accommodate two battery stacks.
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NaS-P,. System - 300 kW

40 kWh - Replacement Battery

Figure 4-2. NaS-P,. System with Replaceable Sodium Sulfur Batteries
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The 40 kWh EV battery designs are flexible in that they can be packaged to deliver DC
voltages ranging from 240 to 320 VDC. Connecting the battery packs two in series by five
in parallel provides a convenient DC voltage for commercially available 480 VAC inverter.
If possible, it is desirable to keep the DC voltage under the 600 V, for, then, the BESS can
be classified below the UL limit designation for high voltage.

The support structures housing the batteries are depicted in Figures 4-3a and 4-3b. The
outdoor enclosure also contains the temperature controllers (upper block) and isolation
switches (middie block) for each battery, as well as a battery management system
(BMS) (lower block). An earlier version included a separate BMS to control the battery
packs and communicate with the PCS controller. The later version, however, has
integrated the function of the BMS into the existing PCS digital processor/controller.

To serve the power quality and reliability needs of utility customers, the NaS-P,. system
can be designed to provide up to 800 kW of pulsed power (a 2.67-fold increase over its
rated power) with the ten EV batteries. Alternatively, by reducing the number of batteries
feeding the 300 kVA inverter, Figure 4-4 shows that the length of time over which the
system can be expected to continuously deliver full power will decrease accordingly. With
six batteries, for example, full power can be delivered for over 20 minutes before hitting
athermal limit. Since the battery is a significant contributor to system price, there may be
applications that benefit from this tradeoff between operation time and price.

The decline in system discharge capability at rated power as cells fail over the battery
lifetime is summarized in Figure 4-5 as a function of the number of batteries comprising
the system. For this investigation, Weibull parameters (a=11 years, =4.5) were chosen
to statistically represent the rate of cell failure in a battery population. With ten batteries,
for example, the system discharge capability at rated power at beginning-of-life is
approximately 70 minutes. As cells fail, the capacity of the battery system will gradually
decline; after 4.5 years of operation, rated power will be provided for only 50 minutes. This
analysis was based upon a conservative estimate for the Weibull parameters - i.e., those
which are achievable from cells manufactured in a pilot plant. By the time that volume
manufacturing is introduced for commercial production, latent defects in cells should be
significantly reduced due to quality assurance methods. It is therefore expected that
improvements will be seen in the above Weibull parameters, especially in the shape factor,
thereby, extending service life.

4.1.2 Design Specifications

Whether the batteries are high temperature sodium batteries or ambient temperature
batteries, the battery subsystem will have to be thermally managed. In an outdoor setting,

*

where a is the characteristic life and a is the shape factor of the population.
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battery pack

Figure 4-3a. Battery Support Structure, Right Half

temperature controller

isolation switches

kattery management

system (BMS)

Figure 4-3b. Battery Support Structure, Left Half
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the task of thermal management is particularly onerous. For the sodium sulfur battery, the
fact that battery packs are already equipped with separate thermal enclosures facilitates
outdoor deployment with the cost already accounted for. Moreover, in a stationary
application in which batteries are stacked, the heat loss is only 60% of that which an
individual battery would experience installed in an EV. The make-up heat required during
quiescent periods for the NaS-P,. system design is 1.2 kW. This raises an important
consideration regarding preferred applications. In order to avoid a potentially significant
parasitic load associated with make-up heat, applications that regularly utilize the sodium
sulfur BESS should be selected and not those that intermittently utilize the systems and/or
involve long standby periods

The system was designed around the battery sustained power limitation. This
necessitated that active cooling be employed as a means of rejecting heat from the internal
cell matrix so that rated power operation can be sustained. An oil cooling system is
already incorporated into the EV battery and includes a heat exchange plenum internal to
the battery and a pump, reservoir and secondary heat exchanger package mounted to the
outside of the battery. This cooling system has been designed to transfer up to 4 kW per
battery. For the stationary application, only 2.6 kW per battery is required near the end-
of-life in order to limit the battery core temperature rise to 30°C for continuous power
operation. As part of the NaS-P,. system design, an oil-to-air heat exchanger, indicated
in Figure 4-6, is specified for each battery to reject the required heat. The stacked battery
pack arrangement permits the heat from each battery to be dissipated into a common
chimney and rejected during periods of sustained power discharge. The cooling scheme
includes a 1000 CFM blower to reject 13 kW at a 20°C design air temperature rise. The
blower, duct work and venting scheme are depicted in Figures 4-7 and 4-8.

The specifications for the 300 kVA PCS are listed in Table 4-1. The PCS produces 480
VAC, 3 phase and is self-commutated using insulated gate bipolar transistor (IGBT)
technology with pulse width modulation (PWM). The switching rate is consistent with a 36
pulse simulation of a sine wave with low harmonic distortion (THD<5%), meeting IEEE-519
standards. The control system will allow operation in all four quadrants, permitting the
system to act as a current source (line commutated), a voltage source (self-commutated)
and/or inject or absorb reactive power (VARS). The regulation modes consist of constant
power, voltage, current, VAR or frequency, as well as operation in the load following mode
or performing harmonic correction. The PCS will synchronize with the utility for parallel
operation and transfer to a user specified regulation mode. The digital control system
oversees and controls the operation of the PCS, as well as the batteries, and provides the
interface to the user. The system provides a flexible user interface with a remote dispatch
and monitoring capability, thereby facilitating service.

4.1.3 System Control and Connection Schemes
Key to the performance benefits of the NaS-P,. system is the battery and its control. This

is the reason that SPI has taken on the role of system integrator, rather than the more
traditional role of battery supplier. UPS manufacturers and PCS suppliers over the years
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Table 4-1. PCS Specification

1. Battery Voltage Range 480 - 650 VvDC
(EoD - ToC)
2. inverter AC Voltage 480 VAC, 3 phase
3. inverter Power Rating 300 kVA (500 kVA Peak)
4. Rectifier Power Rgmt 100 kVA
5. Topology Self-Commutated, IGBT
6. Regulation 4 Quadrant Operation
7. Efficiency > 95% @ Full Load
8. Harmonic Distortion THD <5% (IEEE-519)
9.  Operating Temperature -5°C to +50°C
10.  AC Protection 6 Circuit Breakers
(Under-Voltage/Shunt Trip)
11.  Reguiation Modes: Constant Voltage/Current

Constant Power
Constant VAR
Constant Frequency
Load Foliowing
Harmonic Correction

12. Synchronization with Utility for parallel operation and seamless transfer to
user specified regulation mode via front panel or monitoring system.

13. Digital Control System with capability to incorporate the control of 10 -
40 kWh batteries.

14. Flexible user interface (remote dispatch option).

15. Remote monitoring of stored events.

have been successful in developing and manufacturing inverters with field proven
hardware and software sophisticated control features. SPI was interested in tapping this
resource and utilizing the on-board digital processing capability available as a means to
monitor and control each battery pack.

The initial BESS control approach involved a separate BMS serving each battery stack that
had to communicate with the PCS controller. By integrating the functions of the BMS into
the PCS controller, a significant portion of the battery related cost can be replaced with
software development costs that can be amortized over several years against the entire
BESS production. Figure 4-9 presents a simplified block diagram of the proposed
integrated control. In this scheme, each battery contains an interface board which reads
bank voltage and temperature data, converts the analog signals to digital (A/D) and
performs multiplexing (MUX) to drive a serial input to the PCS system controller. The main
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Figure 4-9. Battery PCS Integrated System Control Scheme

function of the system controller was to control the gating of the transistors in the PCS.
The additional workload of the digital signal processor (DSP) in taking on the BMS function
was deemed to be acceptable, based on the system clock rate and the rate at which
battery control data had to be transferred and processed.

The simplified diagrams presented in Figures 4-10a and 4-10b indicate two methods for
connecting the NaS-P,. BESS to serve a load in a peak shaving and a power
quality/reliability application, respectively. In the former case, the BESS i available to
supply power to meet the peak demand either via a local signal based on real time power
utilization, or through a remate dispatch signal from the utility as part of their DSM

4-11




LOCAL

il N i TO LOADS
i C?/l(;gUlT CURRENT VOLTAGE
BREAKER SENSOR YY) SENSOR

L o CHARGER INVERTER* .
INPUT QUTPUT
CIRCUIT SWITCH
BREAKER (open for
(open for = NaS maintenance)
maintenance) _% BATTERY

* INVERTER MAY BE LINE COMMUTATED

BATTERY STORAGE SYSTEM TO PROVIDE PEAK SHAVING

Figure 4-10a. BESS Connection for Parallel Operation with Utility

b%(ifleLY i ~ TO OTHER
INPUT l MAIN LOADS
CIRCUIT
!BREAKER
| —0
l BYPASS MAINTENANCE BYPASS
CIRCUIT
i : BREAKER
‘ TO LOADS
~ RECTIFIER/ . REQUIRING
—° °—] CHARGER INVERTER y > GOOD POWER
INPUT OUTPUT QUALITY
l CIRCUIT SWITCH
BREAKER (open for
| (open for — Na$ maintenance)
maintenanes) — BATTERY
1 f

* INVERTER NEEDS TO BE SELF COMMUTATED

BATTERY STORAGE SYSTEM TO PROVIDE IMPROVED POWER QUAUITY

Figure 4-10b. BESS Series Connection for Power Quality/Reliability

4-12



program, To serve the power quality and outage protection needs of utility customers, the
latter connection scheme supplies continuous quality power for critical loads, such as
computer systems. An alternate method is to use a static switch to detect loss of the utility
and to switch in the BESS, all within milliseconds. As opposed to the series connection
suggested in Figure 4-10b, the alternate approach has the advantage of operating the
BESS in a standby parallel mode, which could extend the maintenance period.

4.1.4 NaS-P,. System Benefits

Relative to a comparabie lead acid BESS, the NaS-P . system design offers substantial
size and weight advantages which may be important for acceptance in a particular
application. A performance comparison is listed in Table 4-2.

At 8 tons, two NaS-P,. systems can be transported on a standard flat bed truck.
Portability is demonstrated in Figure 4-11, in which a 1.2 MW/1.2 MWh BESS is available
to handle seasonal load peaks at a utility substation. In this application, the utility may be
interested in a BESS as a means of deferring the capital expense associated with a
transmission line or substation transformer upgrade. At the end of the peak season, the
units could be transported to serve an alternate site.

Table 4-2. The Case for Advanced Batteries: A Comparison of BESS

NaS-P,. System Specifications Lead Acid BESS Specifications

300 kVA 250 kVA
300 kWh (400 kWh Installed) 167 KWh
7.5'(H) x 7'(W) x 8.5' | 11'(H) x 7'(W) x 15'
16000 Ib 38000 Ib
23.7 W/liter | 7.6 Wi/liter
23.7 lliter (Rated) 5.1 GWhiliter
41.3 Wikg 14.5 Wikg

41.3 Wh/kg (Rated)

9.7 Whikg

NaS-P,. System Benefit

Factor of 3 Improvement in Specific Power
Factor of 4 to 5 Improvement in Specific Energy
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In summary, the proposed 300 kVA/300 kWh NaS-P,. system design offers several
distinct advantages that no other BESS can provide, which, potentially, may stimulate
significant utility and customer interest. A list of these assets is given in Table 4-3.

Table 4-3. Summary of NaS-P,. System Benefits

e The most compact BESS available; it is significantly smaller and
lighter than competitive battery energy storage systems.

e Designed to facilitate transportation by standard truck or seabox.

e Five year, maintenance-free batteries with integral thermal
management.

e Deployable outdoors with battery power and capacity insensitive to
ambient conditions.

e High system AC-AC electrical efficiency — 80% (BolL) to 74% (Eol).

4.2 NaS-P,. BESS Price Analysis

The most significant impact on near term NaS-P, system price was the decision to
employ sodium sulfur batteries developed and manufactured for electric vehicle
applications. Because of the potentially large volume that this market brings, it was
advantageous, as far as near term pricing is concerned, to utilize these batteries for
stationary applications. The program took advantage of a detailed costing analysis of the
40 kWh EV battery that had already been performed by Silent Power Ltd in early 1994.
The costs were developed for manufacturing equipment, facilities and labor required to
produce 10,000 units per annum. The accounting included taxes, insurance, profit and
battery reclamation costs. The resulting battery selling price was $245/kWh, which
included the external mounted heat exchanger package but not the BMS; for the EV
application, the vehicle manufacturers will integrate the BMS into the vehicle controller.
As a result of learning and manufacturing economies of scale, the future price of the
battery is estimated to be less than $150/kWh.

The other major element of the system price is the power conversion system. As
mentioned previously, the intent is not to develop a PCS specifically for this application but
to utilize a state-of-the-art (SOA) system available for the UPS application. This is a stable
market for which competitive pricing exists; moreover, most of the design/development
iterations have taken place. The SOA PCS designs that exist include controllers based
on the use of digital processing and remote servicing features, including event records
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and waveform capture options. Based on quotations received from both PCS and UPS
system manufacturers, the PCS cost in $/kW was compiled as a function of PCS size
(rated continuous power). The size range was aggregated into the following
classifications: 3-5 kVA, 30-50 kVA and 200-300 kVA. The data, which is presented as
a smoothed curve in Figure 4-12, indicate that the lowest cost/kW occurs for the larger
systems. The price has a gradual decline between $300/kW to $230/kW over the size
range of 200 kVA to 500 kVA, while, below 100 kVA, the PCS cost/kW tends to rise
sharply. It should be noted that the PCS specification presented in Table 4-1 was tailored
to the particular classification and offered as a basis for quotation. A possible explanation
for why the smaller systems cost significantly more per kW is that the power related
hardware does not scale linearly with size — i.e., some components/subsystems are
common to all PCS systems and cannot be scaled down. As a result of this analysis, the
300 kVA PCS system having a cost of $260/kW was selected,; it offers a relatively low cost,
mature product for incorporation into the NaS-P, system.

Other elements comprising the complete system price are listed in Table 4-4; these are
_presented for both a near term, low production volume BESS and for a fully “learned-out”,
large production volume system. The support structure prices were based on quotations
received from several vendors for a fully welded assembly design. The temperature
controllers, power wiring, isolation switches, current sensor, breakers and fuses were
compiled from catalogues of various equipment manufacturers.

Normalized to its rated power or energy, the near term price is expected to be $630/kW
($630/kWh) for the 1 hour system design and decreases to $428/kW ($428/kWh) as the
production volume increases in response to mature combined EV and stationary markets.

1000
900
800
700
600
500
400
300
200

PCS Cost ($/kW)

| | L | ] }

0 100 200 300 400 500
Power Rating (kW)

Figure 4-12. Power Inverter Cost - Size Relationship
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Table 4-4. NaS-P,. System Price Breakdown

Component/Subsystem Calculation Cost/Price
NEAR TERM PRODUCT
Batteries $245/kW x 40kWh x 10 $ 98,000
PCS $259/kW x 300kwW $ 77,000
Structure and Cabinet $ 8,000
Software Development $ 2,000
Electrical Hardware | $ 3,400
Total $189,000

Price per Rated kW = $630/kW

FULLY LEARNED-OUT, MATURE PRODUCT

Batteries $150/kW x 40kWh x 10 $ 60,000
PCS $183/kW x 300kwW $ 55,000
Balance of Equipment $ 13,400

Total $128,400

Price per Rated kW = $428/kW

Based upon a learning rate of 85%, Figure 4-13 shows the decline in the selling price of
the NaS-P,. following the introduction of commercial manufacture. For this scenario, the
assumption was made that the battery production level will be driven principally by the
development of an EV market.

A pictorial allocation of major component price contributions to the overall system price is
shown in Figure 4-14. Note that all of the battery peripheral costs are lumped into a
housing (energy based) contribution. This permits the development of a simplified system
price equation with separable power and energy related parts. The “1.33” factor applied
to the battery price accounts for the installed energy (400 kWh) versus the rated power
which normalizes the price. As a result, the energy portion accounts for 59% of the overall
system price. In the future for the fully learned-out product, Figure 4-15 indicates that the
overall system price can be expected to decrease to $428/kW, with a balanced
contribution between power and energy related component costs.
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Figure 4-13. NaS-P,. System Price Projection with Market Development

This selling price analysis was the basis for the estimation of payback period and the cash
flow analysis (levelized life cycle cost) presented in Section 3.5.

4.3  Other NaS-P,. System Designs

As a follow-on to the 300 kVA/300 kWh NaS-P,. system design, designs for several
smaller systems were pursued. One was a 30 kVA (50 kVA peak) BESS that could sustain
2 hours of operation at rated power. The design was conceived to approximate the size
of a 5 ton residential heat pump. This system was comprised of two, 28 kWh sodium sulfur
EV batteries connected in series to operate over the range 312 VDC to 400 VDC (end of
discharge to top of charge). The PCS was specified to utilize this DC input and to provide
480 VAC, 3 phase, to operate, for example, in a peak shaving mode for light industrial or
commercial applications. Another potential application would be to provide energy storage
capability for distributed renewable energy generation systems - i.e., for wind or
photovoltaic systems.

The other design was a 3 to 4 kVA BESS for residential applications. This design was
conceived as a possible dispatchable add-on to a commercial 3 ton residential air
conditioner, perhaps as part of a utility DSM program. In practice, it could be used to store
energy from a residential PV array. Operating at 48 VDC, there were a number of battery
design innovations offered as part of this system that are discussed in this section.
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Production Volume Assumption: 10 to 20 BESS/year combined with an EV market for 400 MWh of
annual battery production

where, T is the duration in hours
over which the system is
discharged

PRICE($/kW) = 260 + [1.33 (245) + 45] T = $630/kW for T=1hour

Figure 4-14. NaS-P,. System Near Term Price: Power and Energy Composition




Production Volume Assumption: 100 to 500 BESS/year combined with an EV market for 400 MWh of
annual battery production

PRICE(S/KW) = 220 + [1.25 (140) + 35] T = $428/kW for T=1hour

Figure 4-15. NaS-P,. System Future Price Composition
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Before pursuing these designs in detail, it is worth noting the difficulty faced in attempting
to make these systems viable from a cost standpoint as the system size decreases. The
issue is: Are there individual residential customers who need these services and who can
afford to purchase them? If the equipment is located at a distribution point that serves
numerous customers, the cost of a larger system would be spread among all of the
subscribers over a reasonable recovery period. However, since the system is smaller, the
residential owner is paying a higher $/kW cost, possibly making the purchase no longer
economically justifiable.

The 30 kVA, 2 hour NaS-P,. system is presented in Figure 4-16. The envelope
dimensions are 1067 mm (H) x 914 mm (W) x 1270 mm (L). The system layout is divided
into a PCS compartment (front end) and a battery compartment located in the rear. The
system is depicted with the “skins” removed to show the locations of the various PCS and
battery components. The major packages within the PCS compartment include the inverter
stages and associated gating circuitry, the digital controller and user interface, and an
isolation transformer. The two batteries are stacked which facilitates cooling during a

2 hour sustained power discharge. A single blower is located below the battery stack and

draws in ambient air from above the PCS compartment; this air flow first cools the inverter
stages. This now pre-heated air is drawn into the blower and discharged into the battery
chimney which contains the battery oil-to-air heat exchangers. The hot air is finally
discharged at the top of the battery compartment. The cooling design was based upon
dissipating 1500 watts from the inverter and batteries during discharge. The resultant air
temperature rise is 10°C per cooling surface, or 30°C overall from inlet to outlet.

To verify the design, a full scale mock-up of the proposed design, shown in Figure 4-17,
was constructed using the actual heat sinks. Heaters were mounted on the back of each
heat sink to simulate the actual heat sources. Testing verified that the system pressure
drop was consistent for the design volumetric air flow rate of 270 cfm; the power
consumption was 330 watts. The 10°C air temperature rise design requirement was
achieved for all but the top battery heat exchanger, which operated at a temperature
higher than anticipated. It was shown that this was caused by a transition to laminar flow
encouraged by the air straightening effect of the previously encountered finned heat sink.
A modification was made to the design to insure turbulent conditions. This corrected the
cooling deficiency in the upper heat sink so that the design cooling specification was met.

In addition to verifying the design fit-up and cooling scheme, an effort was underetaken
to integrate the battery control function into the PCS digital controller. Eventually, the
processor will be capable of implementing the battery control algorithm through the
development of specific software. This will include the start-up and shutdown sequence
associated with the temperature activation or deactivation of the batteries. The output of
this effort was limited to the development of a complete electrical design and specification
to implement the proposed integration.

An idea evolved from discussions with utility DSM managers that a small BESS might be

feasible for residential customers. At first, the design was predicated on the use of
distributed off-peak storage to offset utility power demand during peak air conditioner
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periods. A small 3.5 kVA BESS package, possibly designed as an add-on to a standard
3 ton residential heat pump, would be feasible provided the costs are not significantly
greater than the installed cost of the heat pump. Rather than offering curtailment as the
only option, the unit could be remotely dispatched by the utility as part of their DSM
program. An alternate use would be for the BESS to provide dedicated outage protection
and to guarantee power quality. In fact, these services may ultimately be the most
important residential customer benefits as computers continue to establish a firm foothold
in the household. In practice, the BESS will likely be called upon to accomplish both tasks;
and, in this way, utilities can begin to offer lower cost premium services. Assuming that
the costs can be made reasonable, the other opportunity is for the ownership to rest with
the homeowner or with a third party.

The 3.5 kVA - 2 hour BESS design package is depicted in Figure 4-18. The outside
envelope dimensions, 914 mm (H) x 584 mm (W), were chosen to be consistent with a
standard 3 ton heat pump and with the size constraints imposed by available PCS
hardware and the sodium sulfur battery. The PCS inverter, which is shown mounted at the
front in Figure 4-18, uses 48 VDC to provide 120 VAC single phase; however, a
distribution box, which is shown located at the bottom of the package, provides for 208
VAC applications. The battery heater controls, isolation switches and interface control
boxes are mounted on the facing side.

cylindrical battery (1/4)

battery
control
unit

4 kVA
bi-directional
inverter

distribution box

Figure 4-18. 3.5 kVA - 2 Hour NaS-P,. System Design
for Residential Applications
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The 3.5 kVA - 2 hour BESS design includes four cylindrical battery packs that were
designed specifically for this application. The batteries, which are shown housed in the
back of the package in Figure 4-18, are connected two in series by two in parallel. Each
battery pack is rated to deliver 1.7 kWh at 24 VDC and weighs approximately 27 kg (60 Ib),
making them convenient to handle. As shown in Figure 4-19, each battery contains
four banks of seven, 4-cell series strings. The cylindrical design facilitates the
manufacture of the evacuated enclosure, making for a simple, low cost construction
utilizing common steel tubes. The power connections and instrumentation exit the thermal
environment through a thick molded insulation cap. The advantage that sodium sulfur
brings to this application is, once again, size and weight.

Assuming a 50% duty cycle on the air conditioner, the proposed BESS design should be
able to supplant utility power during the four hours of peak demand. Alternatively, the unit
could provide direct household power during utility outage periods and also could insure
the power quality/premium service that will be mandated in the near future. The estimated
price of such a system is $5000 initially with the inverter assuming 60% of the cost. In high
production volumes, however, the system price should come down to $2700 ($0.77/watt),
which is less than the installed price of a conventional 3 ton heat pump. At this price and
assuming $20/kW peak demand charge, the payback period is less than 3 years.

molded insulation cap

SS conical closure

evacuated cylindrical
thermal enclosure

bank of cells: 8 VDC, 0.57 kWh

4 cell series strings
7 strings in parallel

Figure 4-19. 24 VDC Custom Battery Design for Residential BESS
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4.4 A Future Custom UES Battery Design

The cell and battery hardware development activities in this program were directed by the
need for lower cost and longer lived sodium sulfur batteries to serve the utility and utility
customer applications identified in Section Ill. Toward this end, a preferred battery design
was generated based on the use of the 70 Wh central sulfur cell developed in this
program. While the details of this cell and battery development effort are described in
Sections V and VI of this report, the battery design is presented here as a part of the
overall NaS-P,. design activity. Furthermore, this provides a natural lead-in to the
hardware development tasks which foliow.

The initial BESS design was specified as a 300 kVA/600 kWh system. The battery was
comprised of 8 packs, connected 4 in series by 2 in parallel. The working voltage range
for this system from end of discharge to the top of charge was 444 VDC to 540 VDC. As
shown in Figures 4-20 and 4-21, each battery pack was made-up of 1920 cells arranged
in two layers. The two layer design was preferred from the standpoint of temperature
uniformity as a result of each cell experiencing the same thermal environment. The five-
cell string was the fundamental building block of the battery. This string length was
selected to insure that, statistically over the 1500 cycle battery life, no string would have
five failed cells.

The battery plan area shows the in-line cell matrix with interstitially located thermal energy
storage (TES) capsules embedded. These capsules contained the eutectic salt (LiCI-KCI)
described in Section 5.3.1.1. Over the 2 hour rated discharge, the cells, which have an
initial temperature of 330°C, will heat-up gradually until the salt begins to melt. At this
stage, the cell temperature rise will be arrested as heat is transferred from cell to the salt

capsule. The benefit of storing the heat is the elimination of an active cooling systemand .

any maintenance that may be associated with it. The initial design electrically isolated the
cells and TES capsules with thin mica sheets; but later, owing to the assembly difficulties
presented by such a design, this was changed to an MgO cemented matrix. The

properties of the MgO provide the required electrical isolation while insuring good thermal

contact. This was verified as part of the battery development activity and put into practice
in the assembly of the prototype battery module delivered to Sandia for testing.

The thermal enclosure employed 76 mm (3") of conventional ceramic fiber insulation. The
rationale for this design was the emphasis on low cost and no maintenance. The exterior
dimensions of the battery pack are 1.56 m (L) x 1.48 m (W) x 0.43 m (H), and the
calculated heat loss is 1100 watts. Figures 4-22 and 4-23 summarize the predicted
performance of the battery pack as a function of time, under the premise that the cell
Weibull statistics, representative of the cell population, can be modeled by a characteristic
life (a) of 3500 cycles and a shape factor (B) of 3.3. At the beginning-of-life (BoL) with

*

The Weibull characteristics for this cell are lower than that for the cell used in the EV battery
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Figure 4-20. 75 kWh Custom UES Battery Pack Design, Cut-Away Side View
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Figure 4-21. 75 kWh Custom UES Battery Pack Design, Cut-Away Top View
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Figure 4-22. 75 kWh Battery Performance at Constant Power for 2 Hours
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Figure 4-23. Cell Matrix Temperature Rise During 2 hour Sustained Discharge
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no cell failures, only 67% of the electrical energy stored is utilized by the end of discharge.
Meanwhile, the average cell temperature is expected to rise at a rate limited by the thermal
mass of the matrix. The temperature at the end of discharge is just sufficient to initiate the
melting of the salt. Later in life as cells fail, the discharge is driven more deeply until the
depth-of-discharge of the battery is nearly 100% at the end-of-life (EoL). While the battery
voltage remains flat during this time period, the current increases in order to meet the
constant power condition. It is at this stage that the complete melting of the salt is utilized
to limit the cell temperature rise.
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V. COMPONENT DEVELOPMENT

To meet the requirements for a low cost, long life, reliable battery for unattended utility
applications, a number of components had to be developed. These included: safe, long
lived cells capable of sustaining a reasonable number of thermal cycles; simplified, low
cost thermal management systems; reliable, low cost cell-to-cell electrical isolation
materials; high temperature fuses to disconnect failed cell strings from the rest of the
battery; and a battery management system.

5.1 Cell Design and Component Development

The objective of this task was to develop a cell design which would meet the specific
requirements of UES applications. The primary design requirements for the cells are long
life (greater than five years), moderate power (one to two hour discharge rate), moderate
capacity (greater than 10 Ah but less than 100 Ah), and a low manufacturing cost. In
addition to electrical performance and cost requirements, any cell design must exhibit the
following characteristics in order to be considered feasible: thermal cycling durability,
safety in the event of an electrolyte fracture, and reliable electrical performance.

5.1.1 Preliminary Cell Design

The cell type selected for development under this program was a central sulfur (c/S) cell
designed around the dimensions of SPL's XPB electrolyte. The more conventional sodium
sulfur cell configuration is a central sodium cell design. However, the c¢/S design was
chosen on the basis of the very long service life such cell configurations have exhibited
at SPL. A build of 15 “Technology Demonstration” (TD) cells (Figure 5-1) demonstrated
life spans in excess of 8,000 cycles over a period of eight years with continuous cycling.
For example, the resistance of TD cell 5601 through 8000 cycles is shown in Figure 5-2.
Corrosion of the metal container limits the service life of a typical central sodium cell. This
limitation is not observed in the c¢/S cell configuration because the sulfur/polysulfide
electrode is contained within the ceramic electrolyte, which is not corroded by palysulfides.

The physical size and capacity of the preliminary cell (Figure 5-3) were dictated by the size
of the XPB electrolyte (33mm OD x 120mm long). This electrolyte size was selected
because it was the largest one routinely manufactured by SPL at the time. Larger
electrolytes could have been developed for the c¢/S UES cell, however, doing so would
have added unnecessary cost and technical risk to the program. While larger cells may
ultimately be desired from the point of view of minimizing battery cost, maintaining cell and
battery safety performance becomes more difficult as electrolyte and cell size are
increased. Because reasonable safety performance had been demonstrated in the central
sodium XPB cells at SPL after several design iterations, it was expected that safe c/S cells
of similar size could be made.

The radial, tapered thermocompression bonded (TCB) electrode seals on SPL's TD cell
proved to be very effective and durable. However, they required tight tolerances of the
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Figure 5-1. SPL's Technology Demonstration Cell Design

machined metal components and of the ceramic seal collar with ground tapers, making it
a costly seal. A low cost alternative was chosen using planar TCB seals similar to those
which had been developed and successfully used in thousands of PB and XPB cells, as
shown in Figure 5-4, fabricated and tested at SPL. Though the electrode seals in the PB
and XPB celis were much smaller in diameter (maximum of 18mm) than those which would
be required for 