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DON'T FORGET THAT:
PAST, PRESENT, AND FUTURE PHILOSOPHY FOR ENERGY STORAGE

Anthony Price

Swanbarton Ltd., Malmesbury, United Kingdom

ABSTRACT

Most of the deployment of large-scale electrical energy storage took place between 20 and 30 years ago under
different commercial and regulatory regimes. As pressure increases to access specific applications for electricity
storage, it is appropriate to consider the role of storage in power system planning and the similarities between

electricity storage and other storage processes.

Keywords: history, economics, practice

BACKGROUND

The purpose of electricity storage is to store
electricity because it is better than producing it at the
moment of delivery. The first sources of electricity
were electrochemical; stored potential chemical
energy was converted into a voltage and used for
electroplating and, later, lighting. The advent of
large-scale generators, and, later, alternators offered
new paradigms in the method of operation of power
networks.

EARLY DEPLOYMENT
OF ELECTRICITY STORAGE

DC systems had an air of both simplicity and
complexity. Simplicity, because accumulators could
be used to provide a reserve of power. At first, some
DC battery systems were used to provide a nighttime
lighting supply, although some historical sources
describe nighttime load (primarily for lighting) being
supplemented by accumulators to meet the peak
power requirement. Complexity, because of the need
to provide very local services in order to avoid
voltage loss and the lack of opportunities for
changing voltage with transformers. The switch to
AC systems and large interconnected networks led to
large-scale storage, typically pumped hydro.

Many observers comment on the economic
cycle, and how investment opportunities and
expectations arrive in waves, fuelled by emotion and
sometimes technology. The current wave of
enthusiasm for energy storage technologies is now
aligned closely to the development of green
technologies, in contrast to the investment cycle of a
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decade ago when alignment was closer to cost
reduction and resilience against man-made attack or
natural disasters. Before that, other reasons were
prevalent for the deployment of electricity storage.

Investment in large-scale pumped hydro during
the period 1960 to 1980 was driven by an interest in
cost reduction for peaking plant against low costs of
baseload plant.  Centralized, often government-
owned, integrated utilities, with a very low cost of
capital and investment rates of return timed against
40-year payback periods were able to justify
apparently expensive projects. Those utilities with
nuclear power stations could gain additional benefits
from pumped hydro as these storage plants could
offer valuable nighttime load (which maintained the
minimum must run capability) as well as services
such as ramping, frequency and black start. The
Electric Power Research Institute (EPRI) (among
others) had an extensive energy storage program and
both technical and economic research was ongoing.

During the 1980s. there was a near-universal
decision to change from centrally planned and
regulated utilities to a market-based, but no less
regulated, industry structure, relying on new
participants to construct low-cost generating capacity.
This coincided with a decline, although not a
withdrawal, in the construction of large-scale pumped
hydro storage.

The slow start by battery storage developers in
getting project commitment during the period 2000 to
2010 shows the variety of pressures that existed at
that time. In marked contrast, the past two years have



shown that alternative methodologies can bring
substantial rewards. However, the recent successes
are not because the rules have changed, but the
externalities have been approached in a different way.

ECONOMICS AND
ELECTRICITY STORAGE

The economic and commercial drivers for
electrical energy storage can be summarized by
comparing the storage of electricity to the storage of
other goods and the use of other time-sensitive
services, such as fresh bread, hotel rooms, or airline
seats.

The economics of just-in-time manufacture
depend on maintaining a constant throughput of raw
materials and dispatch of the finished product.
Stocks are typically held at the lowest levels, perhaps
to avoid the financing cost. But while continuous 24-
hour-day manufacturing may be possible in order to
avoid underutilized manufacturing assets, there are
few products that can be dispatched on a continuous
basis. Even the main water supplies use storage at
key parts of the system to act as buffers.

Like any other commercial asset, warehouses
need to be financed, located, and used to maximum
advantage if maximum economic value is to be
obtained. In its simplest form, electricity storage may
be considered as a warehouse for electricity and some
simple laws of warehousing as applied to electrical
storage can be expressed as follows:

(1) Storage should only be sited once on a
power system [1]. Maximum benefit is
gained from the store if the system is
optimized for both technical and commercial
efficiency. Usually this means that there
should only be one store on a path between a
generator and a consumer. More storage on
the same path will decrease its value.

(2) Storage should be located as close to an end
consumer as possible [2]. The maximum
benefits accrue from increased utilization of
all  the components of the system,
generation, transmission, distribution, and
supply. Counter to this argument is the issue
of cost and size of the storage plant. As
storage is moved closer to the consumer its
specific cost will increase.  There is
therefore an optimum point of connection.

(3) The ownership of the store determines its
value [3]. If a consumer owns a store, it
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indicates that the tariffs of the utility are less
than optimum. If the store, in the same
place as before, is owned by the utility it
indicates that they are seeking to offer the
lowest-cost tariffs to the consumer.

(4) Storage is a system benefit. Just as the early
developers of electricity sought to use
storage to improve the efficiency of the
whole system, the same is true in the modern
context. Therefore maximum value is seen
by a vertically integrated utility. Portfolio
players usually obtain more value than sole
operators of storage [4]. Following this
thinking leads to the proposal that premium
sites for electricity storage are frequently
either geographical or electrical islands,
which operate either as a vertically
integrated utility or a proxy portfolio.

(5) Finally, storage is subjected to the rules of
warehousing: build the warehouse at the
lowest cost; site it at the optimum point on
the network; move the goods in and out fast;
when it is worth buying stock, buy at the
maximum rate; and, conversely, discharge at
the maximum rate at the optimum price [5].

There are a number of extensions to these rules
that are very applicable to electricity storage. For
example, the true cost of the warehouse includes the
access roads, maintenance costs, property taxes, and
the like. Warehouse security normally limits losses in
transit, but electricity storage often has 20 or 25%
“transit losses.” This loss, if repeated several times
in the system by many electricity stores in series,
would be devastating to the economics of electricity.

The effect of choosing the correct location can
be significant. A warehouse (or buffer) in the supply
chain for time-sensitive goods can advantageous to
the utilization factor of the upstream supply chain. If
it is essential to meet a continuously variable
demand, using  high-asset-value  production
equipment, it is more economically viable to use the
production equipment operating at average demand
and use the buffer to meet the peaks, but only if the
asset and operating cost of the production plant is less
than the asset and operating cost of the store. This is
a fundamental point, and should be an integral part
of the electricity arbitrage models as they are
frequently used to model storage. But the equally
important point is that if the storage plant is also
operated by either the producer or the supply
company, then a whole system benefit can also be



achieved. When this axiom is acknowledged it
becomes possible to use storage as a means of
optimizing the whole system by reducing the total
system operating costs. This point is significant in
the consideration of integrating electricity storage
with renewable generation.

In a commercial electricity supply system,
which is operated for the public good, it would be
logical if the energy storage system was placed as
close to the end consumer as possible and owned and
operated by the utility company, and the resulting
savings passed onto the consumers as a whole.

THE PRESENT

Substantial progress in the past two years has
been achieved, mainly through the deployment of
demonstration projects, but in most cases by focusing
on a specific niche application that exploits the value-
added nature of one of these rules. While initially the
system benefit is seen to the main driver for
electricity storage, the value creation for the owner of
storage arises from the ability to move the stock in
and out of the warehouse as fast and as efficiently as
possible — or to use the ability to change the
continuous supply of electricity into a variable supply
by providing fast-acting upwards and downwards
reserves and frequency controls.
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THE IMPACTS OF REGULATION, POLICY, ADVANCED TECHNOLOGIES,
AND MARKET DYNAMICS ON THE DEPLOYMENT OF ENERGY
STORAGE PROCESSES

Gabrid Miller! and Garth Corey?

"Hudson Clean Energy Partners, Teaneck, New Jersey, USA
“Consultant, Albuquerque, New Mexico, USA

Keywords: advanced technologies, regulatory initiatives, markets

A number of factors are now coalescing that can
be expected to lead to significant market
opportunities for energy storage in the near term.
These include, but are not limited to, government
policy and regulatory initiatives; new requirementsin
wholesale electric markets, particularly related to the
transmission and distribution of power; an increasein
the percentage of intermittent power sources
available (especially in certain regions of the United
States) leading to more significant requirements
associated with, for example, frequency and voltage
control; new larger megawatt-hour systems that can
be utilized for dispatch during peak periods, the
increased utilization of distributed energy systems;
the impact of electric vehicle storage and the
charging impact on the grid; and the possible
integration of storage into smart grid platforms.

As the U.S. energy delivery system adapts to
meet changes in supply and demand patterns;
changes in policy, as well as new and proposed
regulations; requirements for increased efficiency;
and capital and market constraints, it appears that
energy storage can play an increasingly significant
role. This paper focuses on each of the factors listed
above and discusses how available and emerging
technologies will impact each. The paper examines
impacts associated with advanced battery systems,
compressed air energy storage, pumped hydro,
flywheels, and ultra-capacitors. With respect to
battery storage, technologies such as advanced lead-
acid, sodium sulfur, lithium-ion, and flow batteries
are examined in detail, and technologies that should
be favored, in the near term, for specific applications
are identified. In addition, the possibility and
plausibility of “stacking” applications for specific
technologiesis addressed.

With respect to utility-scale energy storage
systems, a new and compelling interest has
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been emerging. Many applications, from substation
and transmission upgrade deferral for utility-scale
applications to distributed energy storage for
community-scale applications, have now been
identified that are best solved by energy storage
solutions of a duration of 4 or more hours. However,
near-term focus by system developersfor energy
storage applications has been on power applications,
those applications requiring megawatt (MW)-scale
power for only short periods of time, typicaly 15 to
45 minutes. Although there is significant interest in
bulk energy storage for applications requiring MW-
scale power for 4 or more hours, currently there is
only one turnkey system inthe market that can
deliver on this requirement, and this supplier is
backlogged for the next several years in filling
current orders. Consequently, opportunity exists for
new playersin the bulk energy storage world.

What is really needed to continue the enabling
of energy storage in the bulk storage arena are
changes in regulatory policies and directives as they
define generation, transmission, and distribution
assets. This would occur by broadening the definition
of what types of devices are included in each
category. These changes in policy can lead to new
rules and directives that define tariffs for the purchase
of these services by the appropriate energy managers,
including Independent Power Producersand the
major Independent System Operators and Regional
Transmission Organizations throughout the system.
These changes could then direct downward to local
utilities (rural and municipalities) that desire to
employ bulk energy storage systemsin their
operations, but currently have no way to recover the
cost of deploying these technologies. The definition
of these new terms and conditions, in turn, would
provide the necessary motivation to the bulk storage
systems developers to make the appropriate financial
and technical commitment to bring cost-effective



bulk storage turnkey solutions to the market. This
would lead to atruly effective Smart Grid.

With respect to the aforementioned regulatory
and policy initiatives necessary to spur the growth of
storage  utilization, both  domestically and
internationally, such regulation and policy initiatives
continue to evolve. The paper examines federal and
dtate initiatives, as well as initiatives abroad. With
respect to the federal regulatory initiatives, the
Federal Energy Regulatory Commission (FERC) has
one regulation recently put into effect (FERC Order
1000), as well as Notices to Proposed Rulemaking
(NOPRs) and Notices of Inquiry (NOIs), which can
be expected to ultimately drive growth in the U.S.
market. With respect to state initiatives, California
regulations (including AB 2514) have made
Cdlifornia by far the leading market for storage in the
United States. With respect to China, storage is
specifically mentioned in the 12" Five-Year Plan as
an important technological development in clean
energy ( primarily electric vehicle [EV]) applications.
However, State Grid is conducting various test
programs for different storage technologies as a
precursor to policy design. The implications of the
evolving policy and regulatory landscape, nationally
and internationally, are addressed.
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ENERGY STORAGE TECHNOLOGY RESEARCH
AND DEVELOPMENT EFFORTS IN CALIFORNIA

Avtar Bining, Ph.D.

Cdlifornia Energy Commission

In less than a decade, small-scale energy storage
technologies (e.g., batteries) have become a critical
and vital component for the reliable performance of
handheld devices (eq., cel phones and
“BlackBerrys’) used for communications and
information processing in the world. As rapid
advances in communication and information
processing technologies and their more-than-ever
sought-after role in transforming the electric power
grid becoming apparent, energy storage technologies
will play a magjor role in making it a readlity for a
reliable, secure, sustainable, and efficient electric
power grid (i.e., “smart grid”) capable of dealing with
massive changes worldwide over the next few
decades. Therefore, it is absolutely imperative and
critical that energy storage technologies be
appropriately developed and deployed to facilitate the
electricity delivery system transformation and
support the growth and deployment of smart grid as
well as renewable energy resources. Energy storage
technologies can provide many benefits such as
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improved grid optimization for bulk power
production, balanced power system despite variable
or diurnal or intermittent renewable energy sources,
integration of plug-in hybrid electric vehicle (PHEV)
power demands with the electric power grid
(presumably smart grid), enabling the deployment of
renewable energy resources, reducing and/or
eliminating or deferring investments in transmission
and distribution (T&D) infrastructure to meet peak
loads (especially during outage conditions), enhanced
usage of the existing T&D infrastructure, reducing
greenhouse gas emissions and climate change
impacts, and providing ancillary services directly to
grid/market operators. This presentation provides a
glimpse of the basic and applied research efforts
under way in California on energy storage technology
and its various applications for electricity T&D as
well as electric-drive vehicles and other stationary
applications, and potential for energy storage
technology deployment in the coming years in
Cdlifornia
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GRID-SUPPORTING BATTERY ENERGY STORAGE SYSTEMS
IN THE LOW-VOLTAGE DISTRIBUTION GRID

Frederik Geth,* Peter Tant,* Daan Six,? and Johan Driesen®

K atholieke Universiteit Leuven, Leuven, Belgium
A/ITO, Mol, Belgium

ABSTRACT

The integration of renewable energy sources into the distribution grid may cause more profound voltage
deviations and overloading of grid elements. In certain countries (for example, Belgium), a lot of photovoltaic
systems are connected to the low-voltage distribution grid at household residences. These renewable energy sources
may calise excessive voltage increase at times when aso the load is low (for example, during a weekday in summe).
If the voltage increases above a certain limit, the photovoltaic systems are forced to stop injecting the energy into the
grid. Battery energy storage systems can be installed to solve such a problem. Furthermore, battery energy storage
systems can be applied for other goals throughout the grid; for example, electricity cost optimization and peak
shaving at the household, feeder, or transformer level. Control systems for providing such services are developed in
a multilayered approach: from real-time control of the semiconductor components switching to the long-term

optimization in grid planning.

K eywords: battery energy storage system, distribution grid, peak shaving, grid service

INTRODUCTION
Background

Low-voltage distribution grids are, in many
places, suffering from increased loading since their
inception, typically decades ago. The integration of
local distributed generation offsets some of this load
during certain periods of time, but it may also increase
the occurrence of excessive voltage deviations at other
moments, e.g., in low load situations.

Controlled intelligently, grid-coupled energy
storage can be beneficial to multiple stakeholders in
the electricity system [1]. If the storage efficiency and
lifetime are sufficiently high, effective electricity costs
for a Battery Electric Storage System (BESS) owner
are lowered by charging when electricity cost is low
and re-injecting when prices are high.

BESSs are expensive in terms of the investment
in storage capacity. In practice, optimization methods
are applied to achieve the most economic solution,
whether it is for immediate benefits (e.g., through
arbitrage on an electricity market), or longer-term
benefits (e.g., avoiding grid investment). The outcome
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of such optimization is a charge and discharge
schedule for the BESS.

Control Loops and Layers

The distribution grid contains a variety of control
loops on different timescales. In this subsection,
different control layers are clarified to facilitate the
discussion in the full paper on the optimality of the
grid services. Table 1 gives a schematic representation
of the discussion in the coming paragraphs.

Grid planning studies take into account the ever-
changing nature of the loads and distributed energy
resources to make assertions about, amongst others,
the future optimal configuration and strengthening of
the grid. This information is then used — feedback in
the control loop — to decide what changes to make and
when to make them.

On an operationa timescale other things are
controlled. Off-load tap changers may be manually
adapted once a year. This allows for the compensation
of long-term voltage decrease because of increased
loading of the grid. Also, in some grids, the
connection of the feeder parts with each other or with



the transformer can be reconfigured, something which
is usually done to reassure security of supply in case
some grid component fails.

Electricity costs on a wholesale market have a
certain time resolution; for example, for the Belpex in
Belgium this is one hour [2]. Any device that takes
pricing into account in its behavior will have a
corresponding control strategy at this timescale.

Devices that are bidirectionally coupled to the
grid through power electronics have a control system
that determines the switching of the semi-conductor
components, which may happen at frequencies on the
order of 10 kilohertz. Through this switching, current
waveforms at the ms scale are generated to coincide
with those of the grid.

Table 1. Distribution grid timescales and control
loops.

timescale control loop
decade Grid strengthening
year Off-load tap change
Replacement of a transformer
Feeder reconfiguration
day Charging/discharging schedule of BESS
hour Electricity cost
On-load tap change
ms Grid coupling by PV system or BESS
us Switching components

When a BESS is, for example, applied for
voltage support, the distribution system operator
(DSO) may avoid in the medium to short term the
costly replacement of underground cables, as
determined by a grid-planning study. Because of the
relatively high cost of a BESS and to avoid over-
investment, applying optimal siting and sizing
methodology for the different objectivesis crucial for
aviable grid integration of the BESS [3]. A charging
and discharging schedule for voltage support is
determined in a window of days/weeks, but periodic
modifications can take into account new information.
In this BESS, grid-coupling paradigms with voltage
and/or frequency droop, e.g., developed in Reference
4, are applied to facilitate local-scale and large-scale
power system integration. Ultimately, it is only the
physical switching of the semiconductor components
that allows the current to flow from the battery to the
grid and back.

OPERATIONAL CONSTRAINTS
AND OBJECTIVES

A distinction is made between technical and
economical objectives. An example of an economical
objective for a BESS is electricity cost minimization,
which corresponds with the well-known “buy low, sell
high” strategy, also known as arbitrage. The pursuit of
a technical objective offers benefits that may or may
not be quantified as easily. If a household sometimes
notices overvoltage problems and its photovoltaic
(PV) system disconnects from the grid, the energy that
could have been produced is wasted. This energy
could then have been stored at that time and used |ater.
However, for example, consider a DSO. The EN
50160 norm [5], applicable in Belgium, for voltage
deviations in low-voltage grids dictates that for 95%
of the week, deviations have to be within +/-10% of
the nominal value. The DSO could install a BESS in a
grid if more problems are detected than what is
acceptable. The benefit now is that other grid-
improving investments can be postponed.

A model is used to provide energy services at the
lowest cost [6]; see Table 2 for the schematic
overview. Technical congtraints of the system are
boundary conditions for the optimization for the
energy service objective. Batteries have a certain
storage capacity, storage efficiency, self-discharge,
cycle life, shelf life, and charge and discharge rates.
The power electronic interface to the grid has a certain
efficiency, lifetime, and power rating. These
parameters also determine the depreciation cost of
cycling the battery.

The costs of owning and operating the BESS are
determined by an economic cost model [7]. The total
cost is determined as the sum of the fixed and the
variable costs. The cost deprecation component is
taken into account in the variable costs, as it depends
on the operation of the system. Maintenance,
investment, and the depreciation of the power
electronics are taken into account in the fixed costs.

Table 2. BESS operation.

BESS Operation

Technical Economic Energy service
constraints cost model objective
Battery Power Fixed | Variable | Technical | Economical
electronics Peak Arbitrage
shaving
Voltage
support




BESS DEVELOPMENT

A 4.3-kilowatt hour grid-coupled BESS for peak
shaving application is developed. The BESS consists
of an inverter, offering AC/DC and DC/DC
conversion, and two battery modules in series, each
composed of 48 lithium iron phosphate (LiFePO,)
cells with a capacity of 15 Ah. These modules are
each actively balanced and contain temperature
sensors and per cell voltage measurement for
computer readout (RS232). A battery protection
module (BPM) checks the voltages and temperatures
autonomously and signals if problems are detected. A
programmable logic controller can open a circuit
breaker, isolating the batteries, if necessary conditions
are met. The programmable inverter is controlled in
real time from the Matlab/Simulink environment.

The BPM avoids damaging the batteries during
development; however, in normal operation it will not
arrive in a fault situation because the boundary
conditions are implemented redundantly in the
Simulink control scheme. A rule-based control scheme
avoids exceeding voltage, current, and state-of-charge
limits of the battery [8]. A multistage constant current
charging algorithm is implemented, because of its
lifetime maximizing property [9]. The final control
layer implements peak shaving. In the full paper, the
performance of the BESS will be detailed. The
application of pesk shaving, with both positive and
negative power limits, will be demonstrated in a case
with residential load and PV generation and compared
with a benchmark optimization.
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ENABLING RENEWABLE ENERGY TRANSMISSION — ADVANCED LEAD CARBON
ENERGY STORAGE SYSTEM FOR TRANSMISSION UTILIZATION IMPROVEMENT
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ABSTRACT
Advanced Lead Carbon Energy Storage Systems (ALCESS) are particularly well suited for increasing

renewable energy transmission in the electric grid.

In general, congestion on the grid limits the flow of low

marginal cost renewable generation to load. Reducing congestion at transmission bottlenecks is the most effective
way of improving flows of low-cost renewable generation to urban areas. In this application, the ALCESS islocated
at a congestion point to provide back-up energy storage during a contingency event, thereby allowing the congestion
point’s post-contingent limit to be increased by the capacity of the energy storage system. While the ALCESS is
only deployed periodically, during a contingency, it allows the system operators to utilize a greater fraction of the
congestion point’s transmission capacity — thereby reducing congestion at that location and facilitating the flow of

low marginal cost renewable generation.

Keywords. energy storage, advanced lead carbon, VRLA, transmission utilization

INTRODUCTION

The traditional role of lead-acid batteries in
stationary applications has been primarily to provide
backup power and, depending on location, power
conditioning. In atypica application, the actual use
(discharge) of the battery is fairly infrequent and it
remains on float charge for the mgjority of its service
life.

However, the use of energy storagein large grid-
scale systems is more similar to some cycling
applications  with  repeated  charge/discharge
operation. In these applications, the traditional
standby technologies perform poorly compared to
other energy storage systems. Even lead-acid
batteries designed for cycling applications do not
perform as well as alternative technologies without
sizing the systems to such an extent or reducing the
expected service life to such alevel that the primary
advantage, cost, aimost reaches parity with other
solutions.

With the development of lead carbon technology
for commercial products, many of the performance
limitations of traditional lead-acid systems have been
reduced or eliminated. The ability of lead carbon
batteries to operate in a partial state of charge (PSoC)
and the stabilizing effect the technology has on the
electrodes in cycling without increasing cost has
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increased the application possibilities for these
systems.

Advanced Lead Carbon Energy Storage Systems
(ALCESS) are particularly well suited for increasing
renewable energy transmission in the electric grid. In
general, congestion on the grid limits the flow of low
margina cost renewable generation to load.
Reducing congestion at transmission bottlenecks is
the most effective way of improving flows of low-
cost renewable generation to urban areas.

In this application, the ALCESS is located at a
congestion point to provide backup energy storage
during a contingency event, thereby allowing the
congestion point’s post-contingent limit to be
increased by the capacity of the energy storage
system.  While the ALCESS is only deployed
periodically, during a contingency, it alows the
system operators to utilize a greater fraction of the
congestion point’'s transmission capacity — thereby
reducing congestion at that location and facilitating
the flow of low marginal cost renewable generation.
The system can also provide contingent reserve
power, peak price sales, and other market functions to
further offset the capital cost of the system.

The main performance benefits of an ALCESS
in this application are low relative cost, scalahility,
system mobility, and reliability, in terms of service



life as a significant portion of the system is based
upon mature technology.

LEAD CARBON TECHNOLOGY

In a typical standby power application, the
primary failure mode is the degradation of the
positive electrode due to corrosion. However, in the
applications described in this proposal, with the
additional requirements of high cycle life, possibly at
temperature, and PSoC operation, the primary failure
mode is found in the negative electrode.

Current state-of—the-art valve-regulated lead-
acid (VRLA) negative electrodes utilize a number of
additives to improve the performance and longevity
of the cell [1]. Lignosulfonates are added to maintain
the high surface area of the Negative Active Material
(NAM) to improve utilization; barium sulfate is
added to provide nucleation sites for the reaction
product, lead (Il) sulfate (PbSO,), preventing large
crystals from forming. Large crystals with a limited
surface area are difficult to convert back to lead on
charge. Finadly, carbon black is added to increase
conductivity of the plate to improve charge
acceptance. While other additives can and are used
within the industry, these three constitute the
overwhelming majority of additives.

In an application as presented here, the current
electrode design would provide very good initial
performance, but degrade very rapidly as the system
continued to operate. The reasons and mechanisms
for this are very well understood. In a PSoC,
operation the negative electrode is held a various
states of charge with a percentage of the active
material converted to PbSO,. This PbSO, can re-
crystallize over time and converts to what is
commonly referred to as “hard sulfate” [1]. In turn,
these crystals become sites for preferential crystal
growth. The resulting sulfate crystals are difficult to
convert back into lead on recharge and a steady
decrease in available capacity results over time as
more and more PbSO, is formed. In addition to
suffering from sulfation in a PSoC operation, the
negative electrode also limits charge acceptance of
the cell. In a pulse charge operation, the majority of
the current is converted to hydrogen evolution. This
leads to dry out of the cell and aso reduces the
capacity over time.

38

Pavlov et a. [2] have demonstrated that the
addition of electrochemically activated carbon (EAC)
to the NAM can increase PSoC operation in high-rate
applications by an order of magnitude, from 1000
micro-cycles to over 10,000 cycles. Mosely et al. [3]
summarize the possible functions of the carbon
additivesin PSoC cycling.

(1) Electronic conductivity — The carbon
particles maintain the conductivity of the
active materia in the presence of increased
amounts of PbSO,, which are electrically
insulating. These conductive pathways then
facilitate charging despite the increased
resistance of the plates.

(2) Redtriction of crystal growth — Carbon
prevents the progressive growth of PbSO,
crystals, maintaining surface area and
improving charging characteristics [4].

(3) Hydrogen over potential impurities — Certain
forms of carbon contains elements that can
suppress the evolution of hydrogen at the
negative improving charge efficiency.

(4) Capacitive contribution — The added carbon
acts as an asymmetric super capacitor, storing
charge at high rates in the electric double
layer and spontaneously  discharging,
converting PbSO, into lead.

(5) Intercalation of hydrogen into the graphite
structure — The graphite structure allows for
intercalation sites for the hydrogen atoms that
support the cells' capacity.

While the exact mechanisms of EAC in the
negative plate are still being investigated, a number
of variations on the concept of a carbon negative are
being utilized within the industry.

The method utilized for this application has
focused on maintaining the negative electrode in a
continuous PSoC and provides equivalent cycle life
asif operating at afull state of charge.
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DETERMINING STORAGE RESERVES FOR REGULATING
SOLAR VARIABILITY ON THE ELECTRIC POWER GRID

Benjamin L. Norris

Clean Power Research, 1700 Soscol Ave. #22, Napa, CA, USA

One of the foremost technical challenges of
accepting high levels of solar photovoltaic (PV)
energy onto the state power grids is the high speed
variability of PV caused by cloud transients.
Depending upon the magnitude and speed of these
power output changes, significant levels of regulation
reserves would potentially be needed, and may even
make high-penetration targets impractical.

The issue is particularly pressing in light of
aggressive state renewable energy targets.  For
example, to meet California's Renewable Portfolio
Standard (RPS) goal of 33% renewables by 2020,
industry experts anticipate that the resource mix will
include about 5,000 megawatts (MW) of PV in only
10 years. The extent to which these resources will
require regulation, however, is at present unknown,
and the energy storage industry and grid operators
alike will benefit from models and tools that address
the issue.

This paper presents a unique approach to
quantifying PV variability by using satellite-derived
solar data. The methodology will alow grid
operators to forecast PV fleet output and to quantify
fleet variability, given the design attributes and
locations of individua PV systems. The
methodology uses advanced algorithms for tracking
cloud patterns, calculating PV plant correlation
coefficients, and quantifying diversification effectsin
amanner that could be used at the control arealevel.

Initial validation of the model was performed
using a network of high-speed solar irradiance data
loggers in and around Napa, California. The first test
included a network of 25 devices spaced 100 meters
apart in a grid representing the spread of a 4-MW
plant. The second test redeployed these devices in a
4-kilometer (km) grid (see Figure 1) representing a
400-MW plant. The results were used to confirm the
model accuracy and quantify the diversification
(Figure 2).
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The satellite imagery thus collected lends itself
to solar plant forecasting, fleet output forecasting,
and fleet variability forecasting. These methods
could be used by the Independent System Operators
(ISOs) and Regional Transmission Organizations
(RTOs) for more accurately planning and scheduling
regulation reserves— including storage resources—
in anticipation of seasonal and daily periods of high
variability. Accuracy in quantification of needed
regulation would avoid the two extremes of grid
instability on the one hand and overcommitment of
resources on the other.

A sample calculation of required reserves is
presented for the California ISO control area using
the California Public Utilities Commission Long
Term Procurement Planning/Renewables Integration
figures. This calculation illustrates the procedure for
calculating required regulation reserves for 471 PV
plants having a combined capacity of 5,434 MW.

This ongoing work has direct implications for
the energy storage community as it relates to the
market needs for regulation in each of the continent’s
eight North American Electric  Reliability
Corporation (NERC) regions.

Fig. 1. 1km x 1kmirradiancegrid in Napa,
California.
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Fig. 2. Diversification effectsfor 25 sensors,
November 21, 2010.
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RECENT APPLICATIONS OF SODIUM-SULFUR (NAS)
BATTERY SYSTEM IN THE UNITED STATES AND IN JAPAN

Tetsuya Hatta

NGK Insulators, Ltd., Nagoya, Japan

ABSTRACT

NGK's sodium-sulfur (NAS) battery is an advanced energy storage system developed for power grid
applications. Megawatt-scale NAS battery systems were first operated in the field more than 10 years ago.
Although the basic design concept of NAS battery cells and modules has not changed, the technology has been
improved through many field demonstrations and commercial installations. Initially, the target application for NAS
batteries was load-leveling, and that remains its primary use. Later, NAS batteries began to be used as standby
power sources with load leveling capability. Recently, NAS battery applications have focused on stabilizing
fluctuating power from renewable energy resources, such as wind turbines or photovoltaic generators. More than
300 megawatts of NAS battery systems have been installed globally. This presentation addresses a NAS
demonstration project in the United States and a new, very large project in Japan. A new type of NAS battery under
development is also introduced.

Keywords: sodium-sulfur battery, load leveling, peak shifting, renewable

NAS DEMONSTRATION PROJECT System Description
BY XCEL ENERGY [1] At the Xcel site, a 1-MW NAS battery system is
Various demonstrations, including peak shaving, installed  proximate to a 11.5-MW wind farm
frequency regulation, wind-smoothing, and wind compr!sed of seven wi nd turbines f';\nd connec'ted toa
leveling, have been conducted by using the 34.5-kilovolt power grid. The wind-generation and
1-megawatt (MW) sodium-sulfur (NAS) battery battery system is connected to a transmission line that
system installed in Luverne, Minnesota, for Xcel operates within the jurisdiction of the Midwest
Energy in 2008 (see Figure 1). That demonstration Independent Transmission System Operator (MISO).
confirmed the technical capabilities of NAS Batteries An objective of this demonstration was to evaluate
for these applications. In addition, that project is the different ratios of installed wind capacity to energy
first demonstration of NAS batteries in severely cold storage capacity. ~Generation from the 11.5-MW
climates such as occur in Minnesota.  NGK designed wind farm was scaled to simulate wind output over
a battery enclosure to maintain adequate interior the range of 1 MW to 10 MW.

temperatures down to exterior temperatures as low as
-45 °C, demonstrating that NAS batteries can be

deployed in very cold climates. In the wind-leveling operating mode, the
_ operator specifies the scheduled power output of the

combined wind and battery system at 30-minute
intervals. When power output from the wind farm
deviates from the scheduled value, the NAS battery
system charges or discharges energy to compensate
for the difference. The results of variable 1-MW wind
generation and 1-MW battery stored energy
compensation cases are shown in Figure 2. The NAS
battery system responded to changes in the output
from the wind farm rapidly and accurately, and it
compensated for the difference between the scheduled
power and the power generated by the wind farm.

Demonstration of Wind Leveling

Fig. 1. NASbattery for Xcel Energy.
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Fig. 2. Wind leveling, 1-MW wind and 1-MW
NAS battery.

80-MW NAS BATTERY PLANNED
FOR NORTHERN JAPAN

During the massive earthquake that occurred on
March 11, 2001, severa therma power plants owned
by Tohoku Electric Power and located along the
Pacific coast were damaged by the earthquake. The
damages were so severe that the power supply
capabilities of the affected thermal power plants are
not reliable for the time being. Tohoku Electric Power
is making every effort to procure the power supply
needed to meet the demand for power in their service
area. They have decided to install 80 MW of NAS
batteries as one measure to provide reliable power
immediately. The NAS batteries will be charged when
demand is low and discharged when the demand is
high. The NAS battery system is expected to reduce
peak demand and balance supply in the Tohoku area.

Location of the 80-MW NAS Battery Site

The NAS battery system will be installed at the
Noshiro thermal power plant in Northern Japan (see
Figure 3). The power plant is owned and operated by
Tohoku Electric Power and was not damaged during
the earthquake. The generating capacity of Noshiro
thermal power plant is 1,200 MW.

Noshiro thermal ;
power plant  ~_ ¢
.

! Service Area of
Tohoku Electric Power

Fig. 3. Location of the Noshiro Thermal Power
Plant.

System Description

The NAS battery system to be installed at
Noshiro is rated at 80 MW and can store 480
megawatt hours (MWh) of energy. The system
consists of 40 sets of 2-MW NAS battery units. When
completed, it will be the largest NAS battery
installation in the world. The NAS battery modules
and related systems at Noshiro will be installed inside
of building. Aninterior “rack system” to support the
NAS battery modules has been adopted to shorten the
delivery and construction time. The same rack system
was used in the 4-MW NAS battery installation at
Presidio, Texas, for Electric Transmission Texas, LLC
(ETT) and American Electric Power (AEP) (see
Figure 4). The advantages in lead time offered by this
approach were verified through the ETT/AEP project.

Fig. 4. NASbattery moduleswith rack system for
ETT/AEP.

Schedule

The ingtallation work is currently going on and
the operation of the battery is scheduled to start in
January 2012. Because this NAS battery system is
intended to supply the power when the demand power
isat its peak, it is desired to be ready to operate in the
coming winter season. It is challenging for NGK to
install such a large-scale NAS battery system in such
a short period of time. In cooperation with Tohoku
Electric Power and other related companies, NGK is
making every effort to expedite the installation of
NAS equipment.

Remarks

A total of about 230 MW of NAS batteries have
been installed in the Tohoku and Kanto regions of
Japan where intense ground motions occurred during
the earthquake. Most NAS installations were ready to



use soon after grid power was recovered. The NAS
battery’s robustness, as well as the short lead time
needed for its installation, when compared to other
power sources, are being recognized by electric power
companies and consumers.

NEW TYPE OF NAS BATTERY
UNDER DEVELOPMENT

The discharging duration of current NAS battery
is 6 to 8 hours. Though the long discharging duration
is one of the advantages of the NAS battery, some
applications, such as ancillary services, do not require
such a long discharging duration. NGK is developing
a NAS battery with a discharging time of 1 to 2
hours. The cost per discharging power ($MW) of the
new type will be reduced compared with the current

type.
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REACTION IN THE ZINC-CERIUM REDOX FLOW BATTERY
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ABSTRACT

The key to maintaining the high open circuit values of the zinc-cerium redox flow battery during charge and
discharge is to minimize the overpotential losses by careful choice of electrodes and current densities employed as

well as cell design.

This study examined the positive electrode reaction on a variety of electrode substrates

consisting of coatings of platinum, platinum/iridium, and titanium/tantalum on titanium substrates as well as

commercial DSAs in order to assess the electron transfer kinetics of the Ce**/Ce*

benchmarking for future devel opments to take place.

The zinc-cerium hybrid redox flow batteries
(RFBs) [1] have one of the largest open circuit values
(~2.4 volts) of any current RFB system. The key to
maintaining this as high as possible during charge
and discharge is to minimize the overpotential losses
by careful choice of electrodes and current densities
employed as well as cell design. In this study, the
positive electrode reaction, i.e., Ce*" + &  Ce*, was
examined on a variety of electrode substrates
consisting of platinum (Pt), platinum/iridium (PIr),
and titanium/tantalum (Ti/Ta) as well as commercia
DSAs in order to assess the electron transfer kinetics
and so alow benchmarking for future material
developments to take place. The experiments were
performed over the temperature range 24 °C to 60 °C
in methane sulphonic acid (MSA) as the base
electrolyte with the cerium concentration set at
0.8 M. The techniques of cyclic voltammetry, Tafel
extrapolation, polarization resistance, electrochemical
impedance spectroscopy (EIS), as well as rotating
disk (RDE) techniques were employed in order to
assess the performance of the  different
electrocatalytic coatings for the Ce**/Ce** reaction.

For the electrode substrates employed, it was
important that the available electroactive surface area
was correctly determined and for this, both the
underpotential  hydrogen evolution reaction and
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reaction and so allow

carbon monoxide adsorbed layer oxidation regionsin
1.0M sulfuric acid (H,SO,) were employed [2,3].
For a geometric area of 1 centimeter squared (cm?),
the electroactive areas for the coated samples were
found to be in the range of 75 cm? to 125 cm?,
depending on the preparation procedure. Typical
results from polarization resistance and Tafel
extrapolation measurements obtained from the
samples are shown in Figures 1 and 2, respectively.
Exchange current densities were in the range
1.7x10° A cm™ to 1.0 x 10" A cm™® for the Pt-Ir
catalysts and between 2.0 x 107 A cm?and 9.5 x 10°
A cm? for the sole Pt-based respectively. Ta-based
electrodes seemed to inhibit the oxygen evolution
process but the electrochemical kinetics for the
oxidation of Ce(lll) and the subsequent reduction
of Ce(IV) were also correspondingly very slow ( 107
—10% A cm™®). Exchange current densities on the
iridium-oxide-coated electrodes were between
35x10°Acm?and 8 x 10° A cm? However, for
all the range of substrates investigated, an increase in
temperature to 60°C favored the kinetics of the
Ce*/Ce*" reaction as higher exchange current
densities were recorded. EIS measurements were also
conducted on the substrates at 25 °C (Figure 3) and
the data obtained were in good agreement with the
data from the above two other techniques.
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Fig. 1. Polarization resistance on Pt-Ti mesh

electrode at 298 K. Scan rate: 0.1667 mV s™.

Under the flow regimes used, charge-discharge
cycles on the Pt disk and Pt/Ti mesh electrodes
revealed as expected 100% coulombic efficienciesin
a solution consisting of 0.2 M Ce* in 6.9 M MSA at
current densities <100 mA cm™ (Figure 4).
However, at higher current densities, the sharp
increase in potentials suggest that oxygen (during
charging) and hydrogen (during discharge) evolution
reactions are occurring with resulting loss in current
efficiency at these electrodes.

Data will also be presented for the complete Zn-
Ce hybrid RFB where the overall current, voltage,
and energy efficiencies as a function of current
density are determined during multiple charge-
discharge cycles.
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THE DEVELOPMENT OF FLOW BATTERIES FROM
PROOF OF CONCEPT TO PILOT SCALE (AND BEYOND)
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ABSTRACT

Flow batteries have been suggested for applications such as the integration of renewable energy technologies,
stand-by power, and as a tool for improving power transmission/distribution in electricity networks. A large number
of chemistries have been identified, some of which are under commercial development, while others have only been
characterized on a small laboratory scale or are impractical. The chemical and engineering challenges associated
with developing a flow battery from proof of concept to a commercial system are discussed. Performance data from
chemistries currently being developed at the University of Southampton will be used to provide specific examples of

flow battery operation and development.

Keywords: flow battery, lead-acid, all-vanadium, zinc-air, zinc-cerium

INTRODUCTION

Successful development of a flow battery
involves overcoming both chemical and engineering
challenges. At the proof of concept stage, chemistry
dictates progress with reversible, efficient electron
transfer and compatibility between electrolyte
components being paramount. Scaling up towards
commercially viable systems, engineering plays a
larger role, with stack design optimization and system
costs defining success. This paper outlines some of
the critical parameters and challenges involved in this
process and uses case studies from systems being
developed at Southampton University to provide
illustrative data.

Chemistries

The selection of active species for the positive
and negative electrode reactions influences system
choices such as electrode material, electrolyte
composition, membrane material, and cell design.
Various categories of flow battery can be envisaged,
determined by the electrode reactions. Examples of
possible systems include:

All-vanadium - Classical, membrane-divided
redox flow battery utilizing active species that
remain solvated during charge and discharge
cycling.
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V3t + V02t + H,0 2 V2 + VOF + 2H™

Zinc-cerium — Half redox flow battery and half
metal flow battery. Membrane divided. Cerium
ions remain solvated during charge/discharge
cycling, whereas a phase change is required at the
negative electrode, where metallic zinc is
deposited during charging.

Zn?* 4 2Ce3*t 2 Zn + 2Ce**

Soluble lead — Metal, metal oxide flow battery that
does not require a membrane as a single active
species, Pb®*, is present in the electrolyte and both
electrode reactions involve depositing solid phases
during charging.

2Pb%* + 2H,0 2 Pb + PbO, + 4H*

Zinc-air — Half metal flow battery, half unitized
fuel cell. The negative electrode reaction involves
a phase change between solvated Zn?* ions and
metallic zinc. The positive electrode is air
breathing and similar to a polymer electrolyte
membrane (PEM) fuel cell, where a catalyst
system is required for oxygen evolution and
reduction  during charge and  discharge
respectively.

Zn?* + H,0 2 Zn + 20, + 2H*



Case Study: Soluble Lead

A flow battery based on the two redox couples
Pb/Pb?* and Pb**/PbO, and a single electrolyte
consisting of a high concentration of lead
methanesulfonate in methanesulfonic acid has been
developed from fundamental chemistry (voltammetric
studies at a rotating disc electrode) to a pilot-scale
flow reactor (bipolar stack with five 1000-cm?
electrodes) (see Figure 1). This system has the
advantage that no membrane is necessary but it does
require the controlled deposition and dissolution of
solid phases on both electrodes. The battery has an
open circuit potential of ~1.8 volts (V) and can have
an energy efficiency >70% and a cycle life exceeding
100 deep charge/discharge cycles. The power density
on discharge peaks at approximately 1.2 V, which
corresponds to 160 mW cm (see Figure 2).

Fig. 1. Pilot-scale flow reactor.
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Fig. 2. Power density on discharge.

Successful mitigation of battery failure modes
was required during scale-up from laboratory cell to
pilot rig. Possible failure processes associated with the
cell chemistry have been defined; lead (Pb) dendrites,
lead dioxide (PbO,) creep, and PbO, sludging. All

58

three processes result in electrical shorting between
the positive and negative electrodes. Dendritic Pb
growths typically occur during high-current charging.
PbO, creep refers to solid, well-adhered PbO, deposits
growing over the polymer cell components, eventually
bridging the inter-electrode gap. PbO, sludging refers
to amorphous, gel-like deposits forming from debris
removed from the positive electrode. These deposits
build up in areas of low electrolyte flow and through
sedimentation onto horizontal cell components, such
as electrode spacers and inlet manifolds. Optimizing
mass transport through the flow chamber (cell design)
and the use of selected electrolyte additives minimizes
these failure modes.
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TEMPERATURE DEPENDENCE OF KEY PERFORMANCE INDICATORS
FOR AQUEOUS ELECTROCHEMICAL CAPACITORS
CONTAINING NANOSTRUCTURED BIRNESSITE MANGANESE DIOXIDE

Alexander J. Robertsand Robert C.T. Slade

Chemical Sciences, University of Surrey, Guildford GU2 7XH, United Kingdom

ABSTRACT

Birnessite has been made in a number of morphologies through variation of reaction conditions in a smple
templated hydrothermal synthesis. After processing into electrodes and testing in hybrid supercapacitor cells, good
cyclability and a range of specific capacitances were observed. The most promising material, a birnessite nanotube,
was extensively electrochemically tested at elevated temperatures. An increase in specific capacitance from around
250 to 450 F g* was observed as the temperature was raised from 30 to 80 °C. There was a drop in specific
capacitance with cycling at elevated temperatures and inferences have been drawn regarding the effects of both

cycling and time spent at elevated temperatures.

K eywords: supercapacitor, MnO,, elevated temperature, nanostructured

INTRODUCTION

A great deal of focused research on clean energy
technologies for both grid power applications and an
alternative to the internal combustion engine is under
way worldwide, prompted by concerns of global
warming and environmental sustainability. The
majority of these renewable technologies do not offer
security of supply and require effective energy
storage. Current battery and fuel cell technologies
(also seen as the only viable aternatives to the
internal combustion engine), do not offer the high
power densities necessary to be used on their own.
Furthermore, rapid charging and discharging of such
devices is likely to significantly decrease their
lifetime.  Electrochemical  supercapacitors are
attracting much attention for use both aone and in
conjunction with batteries and fuel cells, as they are
known to enhance the lifetime of the system by virtue
of their high power densities and rapid charge-
discharge characteristics [1-4].

The energy storage characteristics  of
supercapacitors are dependent on the physiochemical
characteristics of both the electrode materials and
electrolyte [1, 4-8], with the energy stored through
separation of charge via accumulation at the electrode
surfaces (electrical double layer capacitance [EDLC])
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[9] and also through faradaic redox processes at the
electrodes  (pseudocapacitance) [10].  Typica
commercial supercapacitors consist of carbon or
ruthenium(lV) oxide (RuO,) electrodes and an
electrolyte with the highest specific capacitances
being reported for hydrated RuO,-based systems
(>700 F g%, also showing good cycling ability but
with problems of high cost and toxicity [10-13]. Of
the metal oxides under investigation as an aternative,
the most promising to date is manganese dioxide
(MnO,) with in device specific capacitances over
450 F g and high natural abundance, low toxicity,
low cost, and low environmental impact. A further
advantage of MnO, is the range of phases and
morphologies that can be attained through tailoring
the manufacturing process [14-18]. Current attempts
at improving performance usually center on
maximizing specific surface areas and pore volumes
and tailoring pore size distributions. It has been
shown, however, that some birnessite MnO, materials
exhibit high specific capacitance despite relatively
low specific surface areas [19]. This is believed to be
a result of the small thickness of the birnessite
platelets allowing access to almost all of the MnO, by
the electrolyte, effectively meaning that close to 100%
of the material can be considered as close to the
surface.



In this study, birnessite has been made in a
variety of morphologies through a simple templated
hydrothermal route and tested in hybrid
supercapacitor cells with a neutral agueous
electrolyte. The most promising of the materials has
been subject to extensive electrochemical testing at
elevated temperatures in order to assess the effect on
key performance indicators such as specific
capacitance, current leakage, and cycle lifetime, seen
by the authors as essential for future application in
automobile applications.

EXPERIMENTAL

Materials Synthesis

Potassium permanganate (KMnQ,) (0.0949 mol)
was added to potassium hydroxide (KOH)(aq) (0.5988
mol, 180 cm® and stirred for 30 minutes.
Dodecylamine (0.0170 mol) was added and stirred for
a further 30 minutes before being transferred to a Parr
Hastelloy autoclave and heating to between 120 and
150 °C for between 1 and 3 days with constant stirring
(the resultant solids after washing and template
removal are designated by reaction temperature and
time, e.g., 1201D corresponds to 120 °C for 1 day).
After allowing the reaction to slowly cool to room
temperature, the resulting solid was collected by
centrifuge and washed severa times with deionized
water until the pH of washings corresponded to that of
the starting water. The solid was then washed several
times in ethanol, until all dodecylamine had been
removed, checked by CHN analysis, before drying at
80 °C overnight.

Electrodes for electrochemical characterization
were prepared by mixing the material above with
polyvinylidene fluoride (PVDF) and graphite in the
ratio 85:5:10 in acetone with stirring for several hours
to obtain a homogenous ink. The volume of the ink
was reduced by heating to 85 °C before spraying onto
pre-weighed stainless steel current collectors and
drying at room temperature. Carbon electrodes were
prepared by the same method with MnO, substituted
by Darco G60 carbon (Aldrich).

Assembly of Supercapacitor Cells

One MnO, and one carbon €lectrode were
assembled in a hybrid arrangement separated by a
glass fiber filter paper pre-soaked in (NH4),SO, (ag.,
2 mol dm™) electrolyte in custom test cells and were
assembled to a constant torque of 2 N m'™.,

Characterization Techniques

Powder X-ray diffraction (XRD) profiles were
measured on a PANalytical X'Pert Pro PW3179
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diffractometer using CuKa radiation and an
X' Celerator detector. Nitrogen sorption was carried
out at 77 K on samples previoudly outgassed at 150 °C
for 24 hours in a Micromeritics Flowprep 060 unit.
The samples were then transferred to a Micromeritics
V Surface Area and Pore Size Analyzer for analysis.
Samples for electron microscopy were suspended in
ethanol ultrasonically for 15 minutes before being
deposited on Holey carbon discs and were analyzed
using a Hitatchi HD-2300A Scanning Transmission
Electron Microscope (STEM) at 200 kilovolts (kV).
Galvanostatic cycling of the assembled test cells was
carried out between 0 and 1.35 volts over 1000 cycles
a various discharge currents on a Solatron 1480
Multistat with a 1255B Frequency Response Analyzer.

RESULTS AND DISCUSSION

Powder XRD profiles of al materials
synthesized between 120 and 140 °C were of the same
form, examples of which are given in Figure 1. All of
the pesks observed could be indexed to potassium
birnessite (ICPDF No. 00-052-0556). As both the
temperature and reaction time were increased, the
degree of crystalinity and/or long-range order was
seen to increase, evident by an increase in relative
intensity and sharpness of the peaks.
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Fig. 1. Powder XRD profiles of 1201D, 1302D, and
1403D materials.

The profile observed in 1501D was of the same
form, but for both 1502D and 1503D additional peaks
were observed (Figure 2), becoming more prominent
as the reaction time was increased. These additional
peaks could be matched to the manganite phase
manganese oxyhydroxide (ICPDF No. 01-074-1842).
Manganite formation has been reported during
attempts to synthesize birnessite nanotubes [20] and
has been previously observed under these conditions



using hexadecylamine template, with the resulting
electrodes showing a lesser specific capacitance than
would be expected due to the presence of Mn(lIl)
[21].

Nitrogen sorption at 77 K of all materials showed
isotherms that could be classified as a combination of
types | and 1V as classified by BDDT [22] with a
rapid uptake of nitrogen at low relative pressures
(suggesting the presence of micropores) and no
plateau observed at high relative pressures. Hysteresis
was observed upon desorption (suggesting the
presence of mesopores) with hysteresis loops
classified as H3 and or H2 according to ITUPAC
classifications [23], suggesting a complex network of
interconnected dlit-shaped pores.
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Fig. 2. Powder XRD profiles of 1501D, 1502D, and
1503D materials. Peaks corresponding to
manganite areindicated by an asterisk (*).

BET analysis of the sorption isotherms showed
the specific surface areas to vary depending on
reaction conditions between 45 and 128 m? g* with
total pore volumes, V,, calculated from the nitrogen
adsorption at p/p° = 0.99 ranging from 0.17 to 0.72
cm® g* (see Table 1). With the exception of 1302D,
the specific surface areas were seen to increase as
reaction time increased but decrease with increasing
reaction temperature. Although no clear trend was
observed with respect to reaction conditions and total
pore volume, both the 120 and 140 °C materias
showed an increase with longer reaction times.

Pore size distributions calculated using Density
Functional Theory showed their relationship with
reaction conditions to be complex, dependent on both
reaction time and temperature. At least two peaks
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were observed in each case, with those of the
materials formed at 150 °C being at a higher pore
diameter than those formed at lower temperatures.

Table 1. Specific surface area (SBET) and total
porevolume (VP) of materials (as determined by
BET and BJH analysisrespectively) of the N2
isothermsat 77 K.

Sger/m° g™ Vp/cm®g™
1201D 108 0.17
1202D 116 0.35
1203D 128 0.60
1301D 46 0.09
1302D 100 0.22
1303D 48 0.09
1401D 84 0.17
1402D 84 0.19
1403D 87 0.59
1501D 45 0.72
1502D 48 0.22
1503D 64 0.33

(b)

Fig. 3. Electron microscopy studies: SEM images
of (a) 1201D, (b) 1202D, (c) 1203D, (d) 1303D,

(e) 1403D, and (f) 1503D. TEM images are shown
asinsetswith scale barsrepresenting 500 nmin
(a) and (f), 200 nm in (b) and (e) and 20 nm in (c)
and (d).



Scanning and transmission electron micrographs
(TEMs) of a number of the materials are shown in
Figure 3. By inspection of the micrographs, it is
apparent that small variations in reaction conditions
have a major effect on particle morphol ogy.

All of the materials were evaluated as potential
supercapacitor  electrodes through galvanostatic
charge-discharge cycling in test cells in hybrid
configuration with a carbon-based second electrode
and (NH,),SO, (ag., 2 mol dm?) eectrolyte. The
materials were cycled between 0 and 1.35 volts at a
current density of 1 A g'. The expected sawtooth
charge-discharge profile was observed in all materials
with the charge and discharge portions being
symmetrical. Excellent cyclability was observed with
coulombic efficiencies between 99 and 100% being
observed after the first few cycles. The specific
capacitance observed after 1000 cycles, ranging
between 40 and 105 F g, are shown in Figure 4. The
materials synthesized at 120 and 150 °C showed
increasing specific capacitance with increasing
reaction time, following the same trend as specific
surface area for the materials. Interestingly, no
correlation was found between the total pore volumes
and specific capacitance of these materials (the total
pore volume in the 150 °C materials decrease with
reaction time, whereas those of the 120 °C materials
increase). No correlation could be inferred between
the specific capacitance observed for the materials
synthesized at 130 or 140 °C and any of the properties
measured in this work. This is likely due to the
complex interaction (both positive and negative) of a
number of contributing factors in the systems, with
matters made even more complex by the presence of
manganite in some of the higher temperature materials
(as observed in XRD).
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Fig. 4. Specific capacitance of materials as
obtained from galvanostatic cycling at a discharge
current density of 1A g™

One material was chosen for further electro-
chemical evaluation at a variety of temperatures.

Criteria for material selection for this further study
were cost, ease of processing, and preliminary specific
capacitance. 1203D, 1401D, and all of the 150 °C
materials  exhibited comparable high specific
capacitance, all of which were suitable for further
study on this basis alone. Of the materials showing a
high specific capacitance, 1203D produced a stable
ink that sprayed with ease when making test
electrodes, with the other materials requiring tighter
rheological control and much effort to obtain the same
electrodes of the same quality. Given these facts and
consideration that higher temperature during reaction
would be likely to increase overal final cost, the
material chosen for further study at varied
temperatures was 1203D.

The effect of temperature on specific capacitance
of 120D at various discharge current densities is
shown in Figure 5. As the current density was
increased the specific capacitance was seen to
decrease at all temperatures. This was a result of
kinetically controlled diffusion in the system. As the
temperature was increased, a large increase in specific
capacitance of amost 100% was observed at low
current density; this became less significant at higher
current densities. Little difference was observed in
specific capacitance between 30 and 70 °C in
measurements at higher current densities, with a
significant increase being observed as the temperature
was increased between 70 and 80 °C. Thisincrease in
specific capacitance can be explained by the fact that
the kinetics of diffusion in the system will be greatly
increased at higher temperatures, alowing a more
rapid diffusion of NH," ions into the electrode pore
structure. It is believed that between 30 and 70 °C the
increase in temperature is not sufficient to increase the
specific capacitance at higher discharge current
densities, but at 80 °C the diffusion is such that alarge
gain in specific capacitance is observed even at 10 A
g™ current density.
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The effect of elevated temperature on the lifetime
of supercapacitors was also investigated (Figure 6).
Galvanostatic cycling at a discharge current density of
2.5A g at 30 °C showed an initial increase in specific
capacitance over the first few cycles, with little
variation observed thereafter. At 50 °C, after an initial
increase in specific capacitance over the first few
cycles, little variation was observed up to 700 cycles,
after which a slow fade in specific capacitance began.
At 70 °C the initial increase in specific capacitance
was followed after 200 cycles by a gradual decline up
to 700 cycles, after which the specific capacitance
showed little variation. At 80 °C an initial rapid
increase in specific capacitance over the first 200
cycles was followed by arapid loss over the next 200
cycles, becoming more gradual thereafter but still
decreasing at 1000 cycles. After 1000 cycles the
specific capacitance at 80 °C was lower than that at
50°C and comparable to that at 30 °C. At 70 °C the
loss of specific capacitance had resulted in a fina
value lower than that at 30 °C.
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Fig. 6. Effect of cycling at varioustemperatureson
specific capacitance calculated from galvanostatic
data.

The drop in specific capacitance during cycling
at 80 °C appeared greater than might be anticipated.
Given that galvanostatic testing experiments such as
this involve variable time, depending upon the
specific capacitance, the devices exhibiting higher
initial performance spend longer at elevated
temperature than those at 30 and 50 °C. As aresult of
this, and in an attempt to further understand the large
drop in cycling performance at 80 °C, the effect of
time at elevated temperatures was also investigated.
As can be seen in Figure 7, the specific capacitance at
30°C showed an initial increase over the first 3 days
of storage, returning to its initial value after 28 days.
At 50 and 70 °C, a less significant increase was
observed initially, followed by a rapid loss over the
first day before stabilizing with little change observed
after 10 days at temperature. When stored at 80 °C, a
large relative increase in specific capacitance was
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again observed with a rapid and prolonged loss over
the next 7 days or so. The specific capacitance was
seen to continue to drop, approaching O after 15 days.
These results suggest that the number of cycles
performed at elevated temperatures may have a lesser
effect on the lifetime of a supercapacitor device such
as this than the amount of time the device spends at
elevated temperatures. This was further emphasized
when the cells were cycled at elevated temperatures at
a charge rate of 10 A g*. At the higher discharge
current densities, the time at temperature still
increased as the temperature increased (due to the
increase in specific capacitance) but the difference in
times at temperature was considerably less. In this
case the specific capacitance after 1000 cycles was
seen to increase with increasing temperature, showing
little effect of the differences in time that the various
cells had been under test.
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CONCLUSIONS

Birnessite MnO, has been successfully madein a
number of different morpholgies through variation of
reaction conditions in a simple hydrothermal
synthesis. Phase pure materials were obtained up to
140 °C, with the manganite manganese oxyhydroxide
phase also being formed at higher temperatures. A
range of specific surface areas and pore volumes was
observed, with the specific surface area generally
increasing with increasing reaction time. An initial
assessment of specific capacitance of the materials in
hybrid supercapacitor cells with agueous neutral
electrolyte showed a variation between 40 and 105 F
g™. The 1203D material was chosen for study of key
performance indicators at elevated temperatures. As
the temperature was increased from 30 to 80 °C, the
specific capacitance was seen to increase by nearly
100%. Galvanostatic cycling at 2.5 A g* showed a
loss of capacitance, becoming more significant as the



temperature was increased; at 70 and 80 °C, values
after 1000 cycles were lower than those at the 30 and
50 °C respectively. Furthermore, through investigation
of the effect of elevated temperature storage of the
devices, it was shown that the number of cycles
performed under such conditionsis not the sole factor
determining the lifetime of such supercapacitors.
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A BATTERY STORAGE SYSTEM FOR DISTRIBUTED
DEMAND RESPONSE IN RURAL ENVIRONMENTS

Roy McCann,* Robert Winkelman,? and David M oody?

'University of Arkansas, Fayetteville, AR, USA
’LGW, Inc., Fayetteville, AR, USA

Keywords: Battery storage, distributed energy, demand response, advanced metering infrastructure

This paper presents the results of deploying four
sets of 75-kWh battery distributed energy storage
(BDES) systems developed by LGW Incorporated at
residences located in Binger, Oklahoma, and
Fayetteville, Arkansas. In addition, two commercial
facility installations have been brought online. Each
of the sites includes renewable energy generation
consisting either of (1) solar photovoltaic: 450 watts
at residential sites and 10 kilowatts (kW) at
commercial sites, or (2) wind generation peak of
65 kW for a commercia facility. The BDES system
was developed by LGW in collaboration with the
University of Arkansas and deployed with assistance
from Caddo Electric Cooperative (Oklahoma) and
Ozarks Electric Cooperative (Arkansas). The
motivation for this research is to investigate the
potential benefits of implementing a distributed
demand response (DDR) system that is configured
for the circumstances encountered in rura
environments. The objectives are to quantify the
benefits of BDES systems in terms of

e Peak load management,

e Electric servicereliability,

* Renewable integration,

< Voltage regulation/Reactive power support,
and

e Financial and economic incentives.

Challenges for rura electric power systems
include recurring outages due to storm damage,
difficulty in voltage regulation, and large load
fluctuations associated with agricultural equipment
and irrigation systems over low-density networks
covering large geographical areas. There has been
considerable research in the integration of electric
utility communication protocols with customers in
real time to coordinate loads for peak shaving and
load leveling [1]. The adoption of distributed energy
sources has further encouraged the investigation of
advanced demand response (DR) systems [2]. Much
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of the published work in this area has been with
respect to analysis of historical usage profiles [3].
The contribution of this pilot study is the
development of a DDR system where an electric
utility has the ability to schedule in 15-minute
intervals the maximum load level for a particular
customer. The BDES system is implemented with an
IEEE 1547 compliant grid-tie power electronic
inverter [4-5] and a 75-kWh lead-acid battery storage
system that can meet customer demand for loads that
exceed the utility DDR set point. Commands and
feedback between the utility and the BDES system is
over a Cooper-Cannon PowerLine communication
link. Included in the BEM functiondity is
coordination with the utility service provider to signal
preferred times for recharging the battery bank during
off-peak times [6]. In this pilot, the four installation
sites generally were operated with 12-kW discharge
during the peak daily load times of 2:00 to 8:00 p.m.
Battery charging occurred during off-peak time when
marginal electricity rates are lowered. Operational
data collected remotely from the LGW ingtallation in
Binger, Oklahoma, can be viewed a
http://www.l gwenergynow.com/M SL ineGraph.aspx
on line with real-time updates.

A critical element to the success of the pilot
study of the BDES systems is the battery technology.
Lead-acid batteries were selected due to low cost and
robustness to environmental conditions. By properly
accounting for conditions at the site location, the
battery configuration can be optimized to provide
sufficient reserve capacity for the anticipated
temperature and humidity variations. A novel battery
formulation has been developed by the authors that
increases the porosity of Pb/PbO, plates beyond that
achieved with conventional tribasic and tetrabasic
lead oxides. Lead normally grows in needle-shaped
crystals with secondary and tertiary branches. Novel
curing and soaking processes have been found to
produce octahedral and dodecahedron crystals that
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have both improved electrochemical porosity with
high anode/cathode plate densities. This processing
technology achieves approximately 16% increased
reserve capecity for a given battery mass/volume
metric. Lead-acid battery technologies are attractive
economically because of the nature of lead mining
production and processing. In particular, purified lead
(Pb) ore is the principal capital investment in lead-
acid battery systems. Given that reprocessing
recovers over 98% of the Pb/PbO, materia, the
capital investment in alead-acid battery installation is
a one-time expense that depending on commodity
prices may in some cases become an investment for
the battery diesel generator (DG) system.
Consequently, the financing of lead(ll) sulfate
(PbSO,) batteries can be achieving in various means.
One option would be for the DG system vendor to
retain ownership of the Pb/PbO, with lease options
made to the utility company for use of the inverter
and other related components. Alternatively, the
utility may exercise an option to own the Pb/PbO,
material and provide the DG as part of a service
contract. This arrangement overcomes one of the
principal challenges in deploying DG systems in
terms of the cost implications for utility and end
users/customers wishing to employ energy storage
systems.

In conclusion, it has been demonstrated that
BDES systems are effective in providing improved
reliability and load management capability in
meeting utility DDR objectives. In addition, BDES
systems confirm the capability for financial planning
[7] by the associated electric utility company for
postponing the need for adding generation capacity
and therefore avoiding large capital expenditures.
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THE STATE/FEDERAL ENERGY STORAGE TECHNOLOGY
ADVANCEMENT PARTNERSHIP PROJECT

AnneMargolis

Clean Energy States Alliance, 50 State Street, Montpdlier, VT, USA

ABSTRACT

The Energy Storage Technology Advancement Partnership (ESTAP) is a new federal-state funding and
information-sharing project that aims to accelerate the deployment of energy storage technologies in the United
States. The value proposition for participating states is to work closely with the U.S. Department of Energy (DOE)
on near-term joint funding and technology deployment, to join a network of leading states supporting energy storage
technology, and to achieve faster progress in energy storage commercialization and economic development.

BACKGROUND

Energy storage has the potential to provide
significant support to the integration of renewable
energy in the United States. However, public funding
and support are critical to accelerate progress and
achieve cost reductions and widespread deployment
for these technologies, including batteries, flywheels,
thermal storage, aboveground compressed air, micro-
pumped hydro, and others.

The DOE and Sandia Nationa Laboratories
(SNL) are interested in accelerating the pace of
deployment of energy storage technologies through a
cooperative partnership with interested states. The
Clean Energy States Alliance (CESA) has been asked
to establish and facilitate this state-federal energy
storage technology advancement partnership project.
The initiative is funded by SNL and implemented in
cooperation with the DOE Office of Electricity
Delivery and Energy Reliability (OE).

PROJECT PURPOSE

The project’s overall purpose is to create a new
federal and state partnership focused on energy
storage technologies with joint funding and
coordination to accelerate energy storage technology
commercialization and deployment.

PROJECT OBJECTIVE

The project’s objective is to accelerate the pace
of deployment of energy storage technologies in the
United States through the creation of a technical
assistance and co-funding partnership between the
states and the DOE.
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PROJECT ACTIVITIES

e Creation of a State Energy Storage Network
and a Stakeholder Network

e Information Sharing Webinars and Meetings

e State and Stakeholder Surveys

e Creation of DOE-State Memoranda of
Understanding

e Joint Project Funding Framework and
Solicitation for Project Deployment

HOW TO PARTICIPATE

Interested state and other entities administering
public funds for clean energy projects that are willing
to consider committing some funding to and
participating in the DOE-State partnership to support
energy projects are invited to join the State Energy
Storage Network. Members of this network will help
develop recommendations for implementing the
funding partnership and a structure for advancing
cooperation and information sharing. Other interested
stakeholders, including manufacturers, universities,
and utilities, and other end users within states are
encouraged to participate in conjunction with state
agencies.

e Funding level and time frame. State Energy
Storage Network members are asked to use
their best efforts to identify and seek state-
based funding to contribute to the DOE
funding opportunity to advance energy
storage technology deployment. Because of
state-specific procurement policies,
restrictions, and requirements, there may be
severa different approaches used and



tailored to participating states to
accommodate broad participation in the
cooperative arrangement with DOE. Thereis
no required funding amount to participate.
However, states are strongly encouraged to
consider providing at least a funding level of
$1 million to leverage matching DOE
energy storage cost-share support in the
2011-2012 time frame. States will retain full
discretion to apply state-specific criteriato
any projects where state funding is awarded
asacost share.

e Timeline. During the spring, summer, and
fall of 2011, the Project Team will be
meeting individually with interested states to
discuss and agree on the details of the co-
funding arrangement, including clarifying
state interests, priorities, and questions.
Then, interested states will meet as a group
in late 2011 to review and attempt to finalize
aproject selection process and cost-sharing
arrangements with the DOE.

Interested states are invited to participate by
contacting CESA's project director, Anne Margolis
(anne@cleanegroup.org or 802.223.2554). Additional
information is available on the ESTAP page at
www.cleanenergystates.org.
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APPLYING RENEWABLE STORAGE TO THE COMMERCIAL ENVIRONMENT

Jeff Hires, P.E.

GS Battery (USA) Inc., Roswell, GA, USA

ABSTRACT

This poster will highlight the details of two recent projects GSB (GS Battery [USA] Inc.) has been involved in
that combine renewabl e energy (photovoltaic energy in these cases) and battery storage in commercial environments.
These projects were implemented to demonstrate the real-world benefits (electrical and economical) of coupling
advanced battery storage technology with renewable energy technology.

The first project was installed at Mesa del Sol in
Albuquerque, New Mexico, in a commercial office
building. The Mesa del Sol (MdS) project is one of the
first projects in the United States that is a part of the
five-year cooperative research agreement between
Sandia National Laboratories (SNL) and Forest City
(MdS developer). Beginning in April 2009, this
agreement was set up to complement the SNL
Distributed Energy Technical Lab (DETL) to provide
the Department of Energy (DOE) a way to provide the
public data from real-world installations. The project
funding was managed by SNL with a $2 million
earmark that Forest City received. The MdS project
includes a grid-tied PV/battery storage system
including 17.1-kilowatt (kW) photovoltaic (PV)
modules, 15-kW PV/battery power electronics, and
20.48-kWh advanced valve-regulated lead-acid
(VRLA) battery technology. The battery technology
used at this site includes design features such as glass
fiber tubular positive plates, nano-carbon applied to
negative plates, and advanced granular silicagel. These
features combined together create a battery with higher
charge efficiency and increased cycle life and operating
years, even in a high-temperature condition. Storage
benefits that are being demonstrated at the site include
time of use (TOU) energy cost management and
renewable energy time-shift. The collected storage
benefit data will be shown on this poster.

The second project was installed at the GSB main
office building in Roswell, Georgia. This project was
funded by GSB to provide an on-site demonstration of
the electrical and economic benefits of PV plus storage
at a typical commercia office building. The system
consists of 37.44-kW PV modules, 30-kW PV inverter,
15-kW battery inverter, and 144-kilowatt hour (kWh)
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battery storage. The battery technology used at this site
issimilar to the battery technology used at the MdS site.
Storage  benefits including TOU energy cost
management and electric service and reliability
uninterruptible power supply are being demonstrated at
this site and such data will be shown on this poster.
This project was the first commercial PV installation
with energy storage in the state of Georgia.

In conclusion, GSB believes that these two
projects will be good examples of typical commercial
renewable storage ingtalations and will provide
meaningful, real-world data that can be used to validate
some of the many benefits of renewable storage.
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USE OF STORAGE TO MITIGATE FREQUENCY VARIATIONS
IN A LOAD FREQUENCY CONTROL MODEL

MichdleLim, Mohit Chhabra, and Prof. Frank Barnes

Electrical Computer and Energy Engineering Department,
University of Colorado at Boulder, Boulder, CO, USA

The increase of renewable and intermittent
energy sources replacing more stable and
conventional sources such as gas-fired or coa plants
in the power grid could lead to large frequency
variations, sometimes exceeding that of grid limits
(x1 Hertz [HZ] of 60 Hz). These limits are to ensure
proper operation of induction generators and also to
limit losses in power system components like
transformers.

Using a load-frequency control model [1] with
the assumption that load-frequency and reactive-
voltage stability parts are decoupled [2], it can be
shown that the use of specific storage devices (with
individual time constants and duration of storage)
reduces excessive frequency variations due to
renewable energy.

We look at a simple system with four different
sources of power: (a) a gasfired plant servicing as
the frequency leader, (b) a wind-powered system,
(c) a short-term storage unit to smooth wind variation
(battery type), and (d) a long-term storage unit as a
reserve plant (constant-speed hydro plant). The short-
term storage plant responds to the variations of wind
within a few 60-Hz cycles (designated as the storage
response time); however, the long-term storage plant
is assumed to have a lead time of about 5 to
10 minutes.

Table 1. Storage description.

Type of Rated Power | Duration of
Generation (MW) Discharge
Gas-Fired Plant 300 Months
Wind System 250 (max) Intermittent
Short-Term 90 3-4 minutes
Storage
Long-Term 3 hours to
120
Storage days
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The simulated wind system is assumed to have a
maximum rated power of 250 megawatts (MW).
Simulations done are for wind energy (megawatt
hour [MWh]) penetration levels ranging from 10% to
40% of the overall load energy of ~90 MWh.

A sodium sulfur (NaS) battery connected to a
wind farm in Minnesota has been used effectively for
wind leveling and smoothing operations. Using a
model of this NaS battery as short-term storage,
frequency variations due to variability of renewable
energy have been observed to decrease due to awind-
smoothing operation.

Figure 1(a) shows frequency variations of a
system without any energy storage devices. Figure
1(b) shows corresponding frequency variations of a
power system with the NaS battery model for awind-
smoothing operation.

Frequency Variations due to Intermittent Wind Power without Energy Storage
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Fig. 1a (right) and 1b (left). Frequency variations.



This study found that:

(1) Different response times of various storage
devices could lead to an increase (or decrease)
of frequency variations with other parameters
held constant. It is observed that the transients
due to the switching in/out of storage devices
could resonate with other components of the
grid, thus leading to sharp increases in
frequency deviations.

(2) Without any storage devices, the frequency
changes are amost proportionate to the size
and power profile of the intermittent power
penetration. This result is shown assuming that
there are no load changes in the system. The
main reason for this assumption is to show that
with just variability in renewable energy, large
frequency deviations could be observed in the
power grid.

(3) Differing time constants of the various
interacting power sources (i.e., wind, gas-fired
plant, and energy storage) could lead to an
unstable system.

(49) The selection of a proper speed-droop
characteristic plays an important role. At
very small speed-droop values, undamped
oscillating  frequency  deviations  with
increasing magnitude are observed [3, 4].

(5) Peak-power tracking must not induce power
oscillations due to a searching algorithm for
finding the maximum power point.

(6) Sufficient power capability of a transmission
line plays an important role and is assumed in
this model to be true.
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EXPLORATION AND PRACTICE OF
ENERGY STORAGE TECHNOLOGY IN SHANGHAI

Zhang Yu: Senior Engineer

Technology and Development Center of Shanghai Municipa Electrical Power Company
No. 310 of South Chongging Road, 200025, Shanghai, Peopl€'s Republic of China

Energy storage system technology plays an
important role in smart grid. Analyzing from the view
of existing status and problems faced by the Shanghai
grid, the article puts forward the necessity of applying
energy storage technology in alarge urban grid and the
achievements in the key technologies in the Shanghai
grid. As a comprehensive demonstration base for the
pilot project of the smart grid in Expo 2010 by the State
Grid (SGCC), the Shanghai Caoxi Energy Conversion
Exhibit Station is also introduced in detail.

By the end of 2009, Shangha Municipal
Electric Power Company (SMEPC)  possessed
16.5766 gigawatts (GW) in generation capacity and
101.5547-GVA transformer capacity in 815 substations
between 35 kilovolts (kV) and 500 kV, with the annual
power generation of 78.270 terawatt hours (TWh) and
annual power sales of 91.760 TWh (see Figure 1).

As a grid operator of a typical mega-metropolis,
SMEPC encounters three primary challenges:

e Soaring load, large peak-valley difference, and
high pressure in grid construction and peak
load regulating;

e Rapid development of renewabl e energy; and

e  Stricter requirements imposed on electricity
quality.

The core technology of energy storage is a
front-edge technology with strategic influences and is
in urgent need for the power grid development. State
Grid Corporation of China (SGCC) has set up special
projects for major scientific and technical innovation of
energy conversion and assigned SMEPC a project of
Development and Application of Stationary Battery
Storage System for Large Urban Grids.
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Fig. 1. Distribution of energy storage systemsin
the Shanghai grid.

After three years of hard work, a series of
substantial achievements has been made.

e Research and development of the Battery
Energy Storage System (BESS)

On May 28, 2007, a base for the research of NAS
battery was set up jointly by SMEPC and the Shanghai
Ingtitute of Ceramics, Chinese Academy of Sciences,
complying with the principle of “entity-mode operation,
project-oriented management and industrialization
preparation,” and mainly committed to the research on
NAS batteries, cell modules, stationary batteries, and
its monitoring system. In May 2010, the 100-kilowatt
(kW) NAS BESS was put into grid-connected
operation.

e Demonstration of the BESS

To demonstrate the achievements made by SGCC
in energy storage in a large urban grid and in electric
vehicle energy supply, SMEPC has embarked on
building Caoxi Energy Conversion Comprehensive
Demonstration Base since the end of 2009, which is
one of the nine comprehensive demonstration projects
of the smart grid for the Shanghai Expo by SGCC.



An energy storage station, which is the first
connected to the utility grid for demonstrative
operation in the country, is built in the base with
different kinds of energy storage subsystems
amounting to 300 kW and remote-monitoring energy
storage subsystems totaling 110 kW, in which the mode
of distributed storage, concentrated monitoring, and
unified dispatch is realized through a management
system.
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The goals of demonstrating the
hundred-kilowatt-class energy storage system over the
duration of the Shanghai Expo have been achieved by
SMEPC. Next, the company will ultimately am at
popularizing the application of megawatt-class energy
storage systems in the urban grid to obtain the
independent intellectual property rights of the
stationary BESS for large urban grids and make
positive contributions to the development of domestic
energy storage technology and the promotion of large
energy storage stationary batteries.



APPLYING A VARIETY OF BATTERY
CHEMISTRIES FOR ENERGY STORAGE

Brad Robertsand Troy Miller

S & C Electric, 5251 W. Franklin Drive, Franklin, WI, USA

More battery chemistries are now being used for
energy storage in utility applications. This
presentation will cover a variety of applications,
including the Department of Energy (DOE) and
Public Service of New Mexico (PNM) project that
deployed a 1-MW storage system using advanced
lead acid and ultra batteries as a storage management
system (SMS) for a variety of grid support purposes.
These purposes include;

(1) To mitigate substation overloads and defer
major capital expenditures through peak
shaving, making an emergency condition
manageable within normal procurement
and construction time frames,

(2) For general grid support functions (amps,
volts, volt amperes reactive [VARS));

(3 To improve -customer reliability by
serving distribution feeder loads (if a
permanent fault “islands’ a problematic
feeder where the battery has been applied;

and
(4) To study the storage of and ability to
dispatch  energy  collected  from

intermittent sources (wind, solar, etc.).

This paper will focus on the PNM installation
using the ultra battery, but will also cover additional
grid scale (>1 MW) storage projects that are being
installed using lithium-ion, sodium-nickel, and
sodium-sulfur batteries.
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ZINC/AIR — A LOW-COST,
LONG-LIFE AND, SAFE BATTERY TECHNOLOGY

Michad Oster

Eos Energy Storage, 3700 Glover Road, Easton, PA, USA

ABSTRACT

Zinc (Zn)/Air batteries are inherently low-cost and energy-dense. The air electrode enables oxygen in ambient
air to be used as the oxidizing cathode reactant that does not need to be carried on board — saving materials cost and
volume. Eos Energy Storage will present its research and developments in Zn/ir battery architecture, electrolyte,
catalyst, and materials that the company believes resolves Zn/Air’s historic recharge limitation. With long life
(potential up to 10,000 cycles/30 years at full depth of discharge) and with 6 hours storage, Eos believes that its
Zn/Air technology could become one of the lowest-cost-per-kilowatt hour (kWh) battery technologies.

Our presentation will demonstrate the longest
cycle life we believe has been achieved on a metal air
battery to date (> 1,600 one-hour cycles thus far with
no physical degradation) and the reasons why this
technology could cost a fraction of the cost per
kilowatt hour (kWh) of lithium (Li)-ion batteries, and
also why it has the potential to become one of the
safest and most energy-dense battery systems.

Technical issues addressed in our research
include a system that does not utilize a membrane or
separator and thus avoids what is an expensive and
nondurable component. We have developed a neutral
electrolyte that is not susceptible to dendrite
formation and does not absorb CO, or carbonates,
thus preserving the life of the air electrode. Our
electrolyte additives result in minimal corrosion of
zinc (Zn). We have developed an electrolyte
management system that avoids pressure and rupture
when electrolyte density changes with state of charge.
Our neutral €electrolyte is nontoxic and
nonflammable. Safety has been one of our key areas
of focus.

We have utilized only non-noble materials as
catalyst and electrodes. For our metal current
collectors, we developed a proprietary treatment to
coat the surface to a stable and conductive material to
ensure that neither corrosion nor oxidation reduces
electrode conductivity over time. Eos has aso
implemented an architecture that makes our Zn/Air
system amenable for mass production with low
capital  investment by  utilizing common
manufacturing methods including printing of air
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electrodes, injecting molding, and metal stamping of
the remai ning components.

With our materials, electrolyte, architecture, and
manufacturing methods, and assuming reasonable
performance assumptions, our detailed bill of
materials shows a cost projection well below our
projected market price of $160 per kWh even in the
initial stages of production. Given the early stage of
development of this technology, we believe that we
could lower costs further and improve current density
potentially by a large factor to bring costs to an even
lower level. Our materials, architecture, and systems
also give our Zn/Air system a potentially long life.
Our electrolyte is safe, stable, and benign. We
believe that this combination of innovations could
lead to a battery system that could be transformative
for utility and vehicle applications.
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THERMAL ENERGY STORAGE AS AN ENABLING
TECHNOLOGY FOR RENEWABLE ENERGY

Paul Denholm

National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, CO, USA

The ultimate limit to supplying a large fraction
of the nation's electricity demand from variable
generation sources such as wind and solar is the
supply/demand characteristics of the renewable
resource. In many parts of the United States there is
limited correlation between the solar resource and
demand, while the wind resource is often anti-
correlated with demand. At low penetration, wind and
solar generation can be accommodated and make a
valuable contribution to the electricity supply during
al periods. However, at higher penetration, variable
generation may need to be curtailed due to lack of
demand during some hours, while meeting only a
small fraction of demand during others.

Energy storage is commonly seen as an
important enabling technology for large-scale
deployment of variable renewable energy sources
such as wind and solar. However, many energy
storage technology assessments ignore the potential
use of thermal energy storage (TES) as a method of
increasing the penetration of solar and other
renewables.

There are two forms of thermal storage we
examine in this work. The first is the use of TES
with concentrating solar power (CSP). CSP/TESisa
highly dispatchable source of energy, with high ramp
rates and range. This feature alows it to increase the
flexibility of power systems, enabling greater use of
other variable generation sources such as
photovoltaics (PV) and wind.

The second technology examined is TES for
space cooling. Space cooling is a significant use of
energy in the United States, representing about 10%
of total demand. Cooling also drives the peak
electricity demand and the need for peaking
generation capacity. Potentially a large fraction of
this cooling electricity demand could be shifted via
cold storage in ice or chilled water. End-use thermal
storage could be dispatched to maximize the use of
renewable sources and also to provide ancillary
services.
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Both forms of TES add several advantages over
conventional electricity storage technologies. Storing
thermal energy is often more efficient than storing
electrical energy. In CSP plants, TES can achieve
efficiencies well over 90%. End-use thermal storage
can aso achieve very high efficiencies and has the
ability to be sited at the load, avoiding losses in the
transmission and distribution network. The primary
disadvantage of TES is that it is tied to a single
application, and cannot be used to store grid
electricity. (While theoretically it could be used for
grid storage, the round-trip efficiency of this use
would be well under 50%.) CSP can only be
deployed in locations with significant direct solar
radiation, restricting its application in the United
States largely to the desert southwest. Cold storageis
economically restricted to locations with significant
cooling demand. As a result, there are significant
geographical restrictions on the use of TES as a
renewabl e enabling technology.

This study examines the system flexibility that
can be realized by deploying concentrating solar
power with TES, focusing on the southwestern
United States. Simulations of large-scale deployment
of combinations of CSP/TES, PV, and wind were
performed, examining the feasible contributions of
renewable sources, considering the limits of thermal
generation and system flexibility.

Figure 1 illustrates severa of the challenges of
deploying large amounts of wind and solar without
enabling technologies such as thermal storage. The
figureis a dispatch stack in the western United States,
considering a future scenario where PV provides 15%
of the annual energy demand and wind provides an
additional 15%. The period is May 1 through 4 based
on weather conditions in 2005. During each day the
large amount of mid-day PV generation forces
conventional units to cycle over alarge range. Even
nuclear plants are forced to reduce output to
accommodate PV production. Given the limited
ability to ramp large thermal units, this would likely
result in curtailed PV generation to avoid excessive
cycling of coal and nuclear plants.
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Fig. 1. Dispatch of thewestern U.S. grid where
renewables provide 30% of annual demand.

Figure 2 illustrates how replacing some PV
generation with dispatchable CSP could be used to
shift solar generation and reduce ramping
requirements. Solar still provides 15% of the total
energy demand, but requires far less ramping of large
thermal units.
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Fig. 2. Dispatch of thewestern U.S. grid where
renewables provide 30% of annual demand, but
including CSP/TES.

An important component of adding CSP/TES is
the rapid ramping capability, firm capacity, and the
ability to provide operating reserves. This means that
CSP/TES can be complementary to wind and solar,
and actually enable greater use of these variable
resources. Since it provides firm capacity, CSP/TES
can replace conventional thermal generators that may
have less ramping rate and range. Figure 3 illustrates
the ramping requirement in a high renewable
scenario. If not dispatched, the production of CSP
and PV would obviously coincide during the middie
of the day. This would produce excess solar
generation. This can be observed by comparing the
output of a CSP plant if it did not have storage (blue

line) with the CSP/TES generation as dispatched (red
line). Furthermore, the rapid ramping requirements,
minimum generation constraints, and reserves
requirements may require some of the solar
generation to be curtailed. However, adding TES to
CSP alows nearly all the CSP generation to be
shifted and provide rapid ramping to follow the
significant increase in net load variability introduced
by solar and wind. This can potentialy reduce
renewable curtailment. By providing these services
with fast-response CSP, TES can reduce the
integration challenge introduced by variable wind
and solar PV.
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Fig. 3. Dispatch of CSP/TESto provide ramping
servicesto enable greater use of wind and solar.

Similarly, cold storage can potentialy provide
similar benefitsto wind and solar. Figure 4 illustrates
the limited coincidence of wind and solar patterns
during four summer days in the western United
States. Demand due to cooling loads peaks at about 4
to 6 p.m., while solar peaks at about 1 p.m. This
results in limited capacity benefits of solar and wind,
and the need for large amounts of conventional
generation. Cold storage can potentialy add loads
during periods of high wind and solar output,
reducing cycling impacts on conventional generators,
and reducing the need for peaking capacity.

60

50

40

= Solar
. Wind
I Conventionals
—Load

30

Load (GV

20

10

0

1 8 15 22 29 36 43 50 57 64 71 78 85 92 99
Hour

Fig. 4. Limited coincidence of solar and wind with
demand patternsthat could beimproved by use of
cold storage.
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BATTERY MODULE BALANCING WITH A CASCADED
H-BRIDGE MULTILEVEL INVERTER

M atthew Senesky,! Hao Qian,* K osha Mahmodieh,*
Shahrdad Tabib,* and Chet Sandber g

!National Semiconductor, Santa Clara, CA, USA
“Altair Nanotechnologies, Reno, NV, USA

ABSTRACT

Electrochemical advances in lithium-ion batteries are now being complemented by advances in battery
management systems (BMSs). The larger-format lithium-ion storage systems can require significant control of
module balance levels, as well as temperatures and other safety parameters. Most BM Ss use passive balancing,
where modest amounts of energy are allowed to bleed from stronger cells to adjust average per-cell charge over a
long time period. The balancing of such systemsis slow and reduces battery system efficiency. In addition, virtually
all BMS solutions suffer from a high degree of vulnerability to a single component fault. This paper describes an
active battery module balancing system based on a cascaded H-bridge multilevel inverter that improves the speed
and efficiency of balancing, while providing fault tolerance in some situations.

Keywords: battery management system, multilevel inverter, lithium titanate

INTRODUCTION
Grid Storage

As significant penetration of renewable energy
sources becomes a reality, and increasing load from
plug-in electric vehicles appears on the horizon,
renewed attention has been directed to well-known
grid challenges ranging from frequency regulation at
the Independent System Operator (1SO) level down to
time-of-use charge management for individual
residences. It is evident that energy storage will play a
critical role in addressing these challenges. Recent
publications [1,2] have quantified the economic
benefits of various storage applications, as well as the
costs associated with storage technologies. Battery-
based storage is a viable contender for a subset of
these applications. The following work presents a
battery storage system appropriate for the modest
energy and power demands of residential,
commercial, and community storage systems.

Battery Management

Large battery systems present challenges in
performance, safety, and reliability. Cell chemistry
and manufacturing place an upper bound on these
metrics. However, the operational features of a battery
management system (BMS) to a large extent
determine whether the overal system meets its
anticipated goalsin practice. A BMS typically consists
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of cell voltage and temperature monitoring to prevent
failures, and balancing circuits that compensate for
capacity mismatch among cells and modules
configured in series.

Modular Systems

Systems with more than about 10 cells are often
subdivided into modules. This approach has
advantages for both manufacturing and system design.
A battery module typically has a cell-level BMS to
address monitoring and balancing of cells within the
module. However, module-to-module balance still
must be managed.

MULTILEVEL INVERTERS

Multilevel inverter topologies were first
described 20 to 25 years ago for high-voltage grid
interface and motor drive applications [3-5]. The three
basic topologies all share the useful features of having
reduced semiconductor voltage ratings, and AC
waveforms with low total harmonic distortion (THD).

Of the various multilevel topologies, the
cascaded H-bridge inverter shown in Figure 1 is
perhaps best suited to battery-based applications. The
inverter can accommodate multiple DC sources, and
has a highly modular structure. Using this
configuration, a different level of power can be drawn



from each DC source independently. In this manner,
battery modules can be balanced while charging or
discharging.
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Fig. 1. A seven-level cascaded H-bridgeinverter.

SYSTEM DESIGN
Battery Pack

An energy storage system has been designed in
which three Altairnano [6] 23-volt (V) 50-Ah 1-p10s
modules of lithium titanate (LiTO) chemistry are
used. The Altairnano batteries are distinguished from
other lithium chemistries by having nano LiTO spinel
making up the anode instead of the conventional
carbon. Their safety, very long life (16,000 cycles —
full depth of discharge), high efficiency (>94%
round trip 20 °C), very wide operating temperature
range (-40 °C to +55 °C) and quick charge capability
(6 C rate — 10 minutes) make these batteries ideal for
anumber of applications, including renewable energy,
transportation vehicles, and grid storage systems.

Power Semiconductors

The power switches in the multilevel inverter
need to carry current in both directions to realize
bidirectional power flow. A typical implementation
uses M etal -Oxide-Semiconductor-Field-Effect-
Transistors (MOSFETS) or Insulated-Gate Bipolar-
Transistors (IGBTs) with anti-parallel diodes. Power
MOSFETs can operate at a higher switching
frequency than the IGBTS, resulting in a smaller filter
size. In addition, new power MOSFETSs are designed
with exceptionally low on-state drain-to-source
resistance (RDSon), resulting in reduced conduction
loss. Therefore, the power MOSFETSs were used in the
inverter described here.
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System Communication and Control

The control system consists of a master
controller and a dave controller for each battery
module. The master controller implements closed-
loop control of the AC current to produce the desired
power at unity power factor. If balancing of the
modules’ voltages or state of charge (SoC) is desired,
the duty cycle to each module can be adjusted based
on measurements from the slave controllers. Note that
since the modules are cascaded, the communication
channel to each module must be galvanically isolated
from the others.

EXPERIMENTAL RESULTS
Operation

The prototype modular energy storage system is
connected to a single-phase 120-V, 60-Hertz line
through a 1:4 transformer to achieve proper voltage.
The system can charge from or discharge to the line
with power up to 3 kilowatts. Figure 2 shows typical
waveforms measured at the inverter terminals: the
characteristic stepped voltage waveform and a clean
sinusoidal current waveform.

Fig. 2. Inverter voltage (stepped) and current
(sinusoidal).

Balancing

Because the inverter stages are connected in
series and hence have the same current, the AC
voltage of each stage determines the power drawn
(neglecting losses) from the corresponding battery
module. Thus module balancing is accomplished by a
feedback loop from module voltage to inverter duty
cycle. If an accurate SoC estimate is available, this
can be substituted for module voltage.

The result of an experiment applying balancing
control to three modules with mismatched SoC is
shown in Figure 3. The initial mismatch of
422 millivolts (mV) corresponds to a 10% SoC
mismatch. After one charge-discharge cycleat a0.5 C
rate, mismatch is reduced to 45 mV.
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Fig. 3. Battery module voltage balancing.

Efficiency

Figure 4 shows the experimental efficiencies of
the multilevel inverter when power is transferred from
the battery to the grid. The upper curve shows the
efficiency without the AC filter, which peaks at 99.2%
at 200 watts (W) output power. The bottom curve
shows the efficiency with the AC filter, which is about
94% at 950 W output power.
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Fig. 4. Measured inverter efficiency.
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A POWER ELECTRONIC CONDITIONER USING ELECTROCHEMICAL
CAPACITORS TO IMPROVE WIND TURBINE POWER QUALITY
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ABSTRACT

The large variability in wind output power can adversely impact local loads that are sensitive to poor power
quality. To mitigate large swings in power, the wind turbine output power can be conditioned by using a small
energy buffer. A power conditioner is developed to smooth the wind power output by utilizing the energy of an
electrochemical capacitor, or ultracapacitor. The conditioner is based on a single-phase voltage source inverter
connected between the grid interconnection point and the ultracapacitor. The voltage source inverter (VSI) shunt
inverter injects or absorbs active power from the line to smooth the wind power output by utilizing the short-term
storage capabilities of the ultracapacitor. The ultracapacitor is connected to the DC link through a bidirectional DC-
DC converter. The bidirectional DC-DC converter and VS are constructed and field-tested on a Skystream 3.7 wind
turbine installed at the Missouri University of Science and Technology.

Keywords. power electronics, electrochemical capacitors, wind power

INTRODUCTION

Due to the price volatility and carbon impact of
fossil fuels, wind power generation is rapidly growing
as an aternative energy source in many parts of the
world. Due to the intermittency of wind speed, wind
turbine output power can be highly variable. Power
fluctuations from the wind turbine may cause severe
power quality problems when connected to the grid.
The large variability in wind turbine output power can
adversely impact local loads that are sensitive to
pulsating power, posing a challenge to the use of wind
power extensively. The rapid growth of the wind
power and its immense potential as a future energy
source encourage us to find a way to smooth the
intermittent wind power. Energy storage technologies
can be used to improve the quality of the wind power
[1-2]. In this paper, we propose the power quality
conditioner with the ultracapacitor to smooth the
variable wind turbine output power. The short-term
storage capabilities of the ultracapacitor can be
effectively used to smooth the wind power to
minimize rapid power excursions that may damage
sensitive local loads.

This paper presents a power conditioner that has
the purpose of smoothing the wind power. The power
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conditioner mainly consists of power converters to
shape the injected current at the point of common
coupling [3]. The conditioner is based on a single-
phase shunt voltage shunt inverter (VSI) connected
between the grid interconnection point and the
ultracapacitor. The shunt VSl injects or absorbs active
power from the line to smooth the intermittent wind
power by charging or discharging the ultracapacitor
[4]. The ultracapacitor is connected to the DC link
through a DC-DC converter. Traditionaly, the VSI
DC link voltage is maintained relatively constant by
the shunt inverter control. In this application, we use a
bidirectional DC-DC converter to maintain the DC
link voltage. The bidirectional DC-DC converter acts
in buck mode during discharge of the DC link and in
boost mode during charging to maintain the voltage of
the DC link to provide good controllability of the VSI.

Control of the injected active power viathe shunt
inverter is presented in this paper. The VS controller
calculates the compensating active power, which is
then synthesized by using the bipolar pulse width
modulation (PWM) switching sequence. The
reference signal to the shunt inverter controller is
obtained from alow pass filter, which has a large time
constant. The fluctuating wind power is passed
through the low pass filter to get the smoothed



reference value. The conditioner ensures the smooth
power is available at the grid interconnection point.
The simulation results are presented to show the
efficiency of the conditioner in smoothing the variable
wind turbine output power.

The power conditioner design and control will be
validated on the Skystream 3.7 wind turbine installed
at the Missouri University of Science and Technology.
The installed wind turbine is shown in Figure 1.

Fig. 1. Skystream wind turbineinstalled at the
Missouri University of Science and Technology.

POWER QUALITY CONDITIONER

As shown in Figure 2, the power quality
conditioner consists of a shunt inverter and a
bidirectional DC-DC converter. The voltage source
inverter acts as a shunt active filter compensating the
active power of the wind turbine. The VS is
connected to the line through an resistor-inductor
(RL) filter that reduces the unwanted harmonics. The
shape of the output current of the conditioner depends
on the inductor value. The va ue of the resistor and the
inductor determines the damping in the circuit. On the
other side, the VSl is connected to the DC link
capacitor. The DC-DC converter with the
ultracapacitor is used to reduce the size of the DC link
capacitor and to maintain the voltage of the DC link
relatively constant as the ultracapacitor discharges and
charges. The bidirectional DC-DC converter charges
the ultracapacitor in buck mode by reducing the
voltage of the DC link. In the other direction, it actsin
boost mode, discharging the ultracapacitor to increase
the voltage of the DC link. The power conditioner
injects or absorbs active power from the line through
the filter to smooth the variable wind turbine output
power. The DC link acts as the voltage source for the
VSl.
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Fig. 2. Power quality conditioner.

The primary objective of the conditioner is to
inject a current i,(t) a the load such that the load
current is relatively smooth. The smoothed current is
obtained by passing the (measured and scaled) wind
turbine current through a low pass filter that is tuned
to provide the appropriate high-frequency cutoff. The
electro-chemical capacitor is charged and discharged
rapidly to supply the required current. Note that the
reference (load) current is not constant, but rather a
slowly varying current. |If the reference current were
held constant, this would imply that the
electrochemical capacitor would have infinite ability
to charge and discharge. By alowing the reference
current to slowly vary, the energy to the load will not
exceed the energy of the wind turbine (less losses).
The conditioner is shown in Figures 3 and 4.

Grid Side lines

Wind Turbine
Qutput Side lines

Conditioner
Connections

Fig. 3. Conditioner interconnections.
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connections to the wind
turbine output

Shunt Inverter

Dc-DC
Converter
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Fig. 4. Power quality conditioner hardware.

The measured injected current of the conditioner
is shown in Figure 5. The blue trace is the measured
unconditioned (raw) output of the wind turbine. It is
highly variable with large pulsations in power and
with considerable high-frequency noise. The red trace
is the actual measured conditioned output current of
the conditioner with a 60-second filter time constant.
The green trace is a simulated conditioned output
current if a5-minute filter time constant were used.
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Fig. 5. Power quality conditioner output currents.
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DEGRADATION MECHANISMS AND CHARACTERIZATION TECHNIQUES
IN SILICON CARBIDE MOSFETs AT HIGH-TEMPERATURE OPERATION
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R. Brock, M.A. Smith, and S. Atcitty

Sandia National Laboratories, Albuquerque, NM, USA

Due to a number of advantages over silicon,
including higher breakdown field, higher operational
junction temperature, and higher thermal conductivity,
silicon carbide (SiC) has generated keen interest as a
material of choice for power electronic devices.
Device characteristics resulting directly from SiIC's
superior material properties, including enhanced
ability to withstand high voltage, lower on-state
resistance and capacitance permitting higher
switching  frequency, and reduced thermal
management requirements, give SiC-based power
devices the potential to greatly reduce the system
footprint and cost, and to increase system efficiency.
Among all the possible semiconductor switches, the
field-effect transistor provides very low switching loss
and is thus an attractive option, especially at high
switching  frequency. A  SIC  meta-oxide
semiconductor field-effect transistor (MOSFET) is
now commercially available that provides a blocking
voltage of 1200 volts (V), maximum DC current
capability of 33 amps (A), and on-state resistance Ry,
of 80 milliohms (mQ). However, the reliability of the
silicon oxide (SiO,) insulator on SIC a high
temperature is an open question. The predominant
degradation trends in this MOSFET under high-
temperature overvoltage and pulsed overcurrent stress
are reported in this work. We also describe the
development of a microcontroller-based condition
monitoring module that can track changes in the
semiconductor device characteristics in order to
improve real-world system availability.

SIC MOSFETs have traditionally suffered from
poor oxide-semiconductor interface quality, which has
led to large threshold voltage instability [1].
Fortunately, recent process improvements have
mitigated this problem to a large degree. In particular,
the commercially available MOSFET (or in some
cases, pre-production versions of the same MOSFET)
that we studied showed no signs of degradation when
operated below the maximum temperature specified

by the manufacturer (125 °C). However, significant
degradation is evident if the temperature of the device
israised above 125 °C (Figure 1).
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On the drain current versus gate voltage (1¢-V)
curves shown, a shift in the subthreshold portion of
the curve is evident after stressat 175 °C, and is much
more severe after stress at 225 °C. Analysis of these
curvesindicates a large (on the order of 10* cm?eV™)
density of electrically active traps at the SiC/SiO,
interface, as well as the presence of charge trapped in
the SIO, gate [2], consistent with electron trapping.
Bias under negative gate polarity (which does not turn
the device on, but the device could still see negative
gate pulses during off-state operation in a power
electronics system) results in enhanced degradation
(Figure 2) consistent with hole injection into the
oxide. Varying degrees of degradation have been
observed for devices exhibiting nearly identical initial
characteristics, and we have identified a characteristic
of the integrated free-wheeling diode that correlates
with the observed degradation. For both gate stress
polarities, the magnitude of threshold voltage shift
increases with increasing temperature (Figure 3).
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150 minutes) degradation in | 4-V4 characteristics
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Fig. 3. Vinresnaig Shift duetoVy=+20V gate stress
for 30 minutes, plotted as a function of
temperature. The deviceisrecovered exactly to the
initial state at the start of each bias step.

Devices were also stressed under pulsed
conditions at room temperature. Pulsed overcurrent
operation (Figure 4a) showed degradation similar to
what was observed under high-temperature, positive-
V, DC stress, consistent with electron injection into
the oxide (Figure 1, positive voltage points on Figure
3). This may be due to transient heating of the device
beyond the junction temperature specification (T; =
125 °C). Figure 4b shows the transient current profile
for a single switching cycle. The actual switching is
preceded by a very high-current spike that lasts about
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10 microseconds. This high-current transient is likely
a significant factor in device degradation under pulsed
overcurrent conditions, since for the same switching
levels (V4 = +8V, V4 = 20 V) 1-kilohertz (kHz)
operation produces much faster degradation than 1-Hz
operation.
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Fig. 4. (a) Degradationin a SiIC MOSFET dueto
pulsed overcurrent conditions, similar to the effects
of positive gate bias DC stressat high temperature.
(b) The high transient current peaks observed
during switching arelikely responsible for
enhanced degradation at high switching frequency.

The effects of MOSFET device degradation on
system availability can potentialy be mitigated
through Condition Monitoring (CM) and Prognostics
and Hedth Management (PHM). CM consists of
monitoring component and/or system characteristics
in situ to ascertain its health, and to detect anomalies
and diagnose problems in order to flag maintenance
needs. PHM goes further by not only tracking damage
growth, but by also predicting time to failure (by
comparing the state of the component to previousy
established reliability models), and by managing
subsequent maintenance and operations in such a way
to optimize overall system utility against cost. PHM
seeks to optimize the trade-off between premature
device replacement and disruptive failures. In our
scenario, a well-developed method of CM and/or
PHM can considerably increase the feasibility of
exploiting the superior switching performance of the
SIC MOSFET even before it reaches the level of
technological maturity of Si-based devices (the latter



has been studied and developed since the 1940s and
has a several-decades head start over all competing
technologies).

We have developed a 16-bit Microchip PIC [3]-
based system to monitor the characteristics of the
device while it is in operation. A current sense circuit
uses a resistive network to perform a current-to-
voltage conversion and communicates with the
microcontroller through an opto-coupler (which is
utilized to provide electrical isolation between the
microcontroller and the power device). The setup has
a built-in gate control circuit that uses the pulse-
width-modulated (PWM) signal from the controller to
provide a variable output to the gate. Figure 5 shows
the output of our monitoring setup resulting from a
dow voltage ramp applied to the gate of a SIC
MOSFET biased at V4 = 5 V. The output current and
threshold voltage match the device characteristics
measured with standard laboratory —equipment,
showing a successful implementation of the most
basic and vital block of the CM module
Measurements of this curve as the device is stressed,
as well as efforts to increase the compactness and
portability of the system, are currently in progress.
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Fig. 5. 14-V4curveof a SIC MOSFET, biased at V4
=5V, measured using our prototype
microcontroller-based CM setup.
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WIDESPREAD DEPLOYMENT OF ELECTRIC STORAGE
IN THE INDUSTRIAL AND MANUFACTURING SECTORS

Philip J. Scalzo

EMB Energy, Inc., Edmond, OK, USA

ABSTRACT

An overview summary of a proprietary deterministic model developed to assess the intrinsic and extrinsic
values of electric storage deployed behind the fence at large industrial and manufacturing facilitiesis presented.

INTRODUCTION

The electric industry has long recognized the
contribution that efficient and affordable electric
storage will make toward maintaining grid reliability.
Sandia National Laboratories (SNL's) 2010 paper
titled Energy Storage for the Electricity Grid Benefits
and Market Potential Assessment Guide, A Study for
the DOE Energy Storage Systems Program,
SAND2010-0815, provides a “framework for
assessing potential benefits from, and economic
market potential for, energy storage used for electric-
utility-related  applications.” The SNL paper
describes 17 applications for utility-scale electric
storage, four of which relate to end user/utility
customers. The SNL study utilizes a utility tariff
(PG&E Tariff #E-19) to quantify the potentia
benefits of applying electric storage “behind the
fence” of a utility customer qualified to take service
from the utility under that tariff. The SNL report
opens the door for a more extensive assessment of the
key factors that will drive the large end user to make
the commitment to install electric storage either
independently or in collaboration with its utility
provider.

DISCUSSION

EMB Energy has developed a Microsoft Excel-
based deterministic model that evaluates the
customer’s load profile both with and without electric
storage and determines the optimal electric storage
configuration to achieve maximum “intrinsic”
economic benefit. Our “intrinsic value” model, as
further described in this paper, seeks to answer the
guestion, “What size electric energy storage
deployment affords the best overall economic
outcome to the industrial customer?” The model
does not suggest aternative operating practices to the
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customer. In other words, it will not suggest that the
customer change its operating practices by curtailing
demand during peak hours. It will, however, suggest
aternative tariffs that may be offered by the utility to
qualifying customers, but had been unavailable to the
customer before the deployment of storage. Because
the intrinsic value model is static, it can only take a
“snapshot” intime. The model isindifferent to future
facility demand growth (decline), power quality and
reliability concerns, special conservation incentives,
and future tariff rate adjustments. All of these
factors, especidly in the aggregate, will likely
strongly influence any capital commitment decision.

As the SNL study recognizes, electric storage
contributes to electric service reliability. A number of
key factors relating to the operational capabilities of
the storage technology, the senstivity of the
customer’s processes to interruptions, and the
potential cost to the customer in terms of both lost
product and downtime determine the full extent of
that contribution. Our parametric stochastic
(probabilistic) model describes this “extrinsic value”
as a probability weighted distribution of net present
values associated with the capital investment. This
distribution of potential investment outcomes
provides information not visible from the static
intrinsic model; for example, it allows for an estimate
of the probability that a project has a net present
value greater than zero (or any other value). Our
model, which employs classic Monte Carlo
simulation techniques, alows the analyst to portray
the company’s proprietary fundamental forecasts of
the several exogenous and independent variables that
should be factored into determination of extrinsic
value as probability-weighted distribution rather than
singular, discrete values. Since each probability-
weighted distribution actually reflects the company’s



uncertainty with respect to that variable input (i.e.,
decision criterion), “risk adjustment” is effectively
achieved simply by running the simulation many
times and presenting the outcome, itself, as a
distribution.
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CONCLUSIONS

The combination of the intrinsic benefits of
reduced demand charges and overall lower energy
costs, and the extrinsic benefits of improved electric
service reliability, will create the incentive for end
userg/utility customers to install electric storage.
Progressive electric utilities will collaborate with
their large industrial and manufacturing customers
and their regulators to implement new tariffs that
share both the costs and benefits of distributed
electric storage. An overview summary of the
multiple synergies that can be exploited through cost
and benefit sharing is also presented.
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INTRODUCTION

At the Public Service Company of New Mexico
(PNM), in collaboration with other partners (Electric
Power Research Ingtitute [EPRI], University of New
Mexico [UNM], East Penn Manufacturing Inc. [EPM],
Sandia National Laboratories, and Northern New Mexico
College), a demonstration project is under way that will
couple an advanced lead acid battery with the output of a
500-kW photovoltaic (PV) ingtalation. The main
objectives of this demonstration project are two-fold:
(1) demonstration of power peak shifting from the typical
mid-day peak by planned (“slow”) action from the
battery, and (2) simultaneous smoothing of the PV plant
output by fast-response counteraction from the battery.
The system has been rigorousy modeled (using
GridLAB-D™ software) in order to derive the optimal
load shifting and smoothing algorithms that lead to the
optimal Levelized Energy Cost (LCOE) as well as
optimal lifetime of the battery. Once installed, the system
will be tested in various configurations to validate or
correct predicted models starting from 2011 Q4.

System Description

The system is located at New Mexico's Mesa del
Sol, a sustainable master-planned community that will
contain different types of distributed energy resources
such as PV, fud-cell, co-generation, and the EPM
shifting/smoothing storage system, which is the subject
of this paper. The residential part of Mesa del Sol is also
a state-of-the-art smart grid community. Houses will be
equipped with smart meters and a significant percentage
of them will have PV generation. Additional provisions
will be taken with the expectation of significant
percentage of electric vehicle ownership.

The EPM system combines two technologies
to provide 0.5-megawatt (MW) smoothing capacity and
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1-megawatt hour (MWh) storage capacity. The first
technology is the UltraBattery, which is a valve-regulated
lead-acid (VRLA) battery exhibiting ultra-capacitor
features for rapid discharge applications. The second is
the Advanced Carbon Battery, which is a VRLA battery
exhibiting significantly longer cycle life than standard
VRLA technology. The combination of these two battery
technologies enables long-life VRLA batteries to be
deployed with solar PV power plants to both smooth
power generation that is interrupted by variable clouds,
and shift power generation to times of high power
demand. A power system one-line of the bulk electric
system (BES) in combination with the 500-kW solar PV
power plant is shown in Figure 1.

MODELING AND RESULTS

GridLAB-D™, developed by Pacific Northwest
National Laboratory (PNNL) for the Department of
Energy (DOE), was identified as a software platform
used for modeling of our system. GridLAB-D is an open-
source agent-based power distribution system simulation
and analysis tool designed specifically for analyzing
smart grids with decentralized control. GridLAB-D™
can aso be integrated with a variety of third-party data
management and analysis tools. Additional conversion
software for exporting utility’s infrastructure (from
databases such as ARC-GIS) had to be developed by
UNM. Additionally, special care was taken to develop the
battery model because any large-scale battery is not a
standard battery module included in the software.

Two distinct cases for optimization were evaluated:
when charging at night is allowed (“any” electrons) or
when charging is restricted to charging from the local PV
source only (“green” or “renewable” electrons only).
Although charging from the “renewable” electronsis one
of the goals, it is intuitive that charging at night from



“any” electron mix is a cheaper solution at the current
state of utilities. Figure 2 shows an example of load
shifting for these two cases. Since charging only from a
PV source is alowed for the “green” electrons, no
additional load is experienced for charging the battery
during the off-peak hours.

Several scenarios with different parameters to be
optimized have been considered. Of primary importance
are reduction of the peak load on the feeder during
Albuquerque peak load time, and evaluation of cost-
efficiency of the battery for load shifting application. A
number of criteria were used to estimate cost-efficiency.
One of the ways to quantify cost-efficiency is to
normalize the cost savings to the capacity of afeeder [1].
Figure 3 shows two plots representing results of such
comparison for summer and winter seasons for the
“green” electrons case. Peak shifting proved to be
approximately twice more cost-effective in summer
months than in winter.

CONCLUSIONS

We present results of modeling of various scenarios
of advanced lead-acid battery with the output of a 500-
kW PV ingallation. For each scenario, a number of
benefits is evaluated and compared, taking into account
battery cost and finite lifetime. We present a detailed
description of modeling and results of the LCOE analysis.
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OPTIMIZATION ROUTINE FOR ENERGY STORAGE DISPATCH SCHEDULING
IN GRID-CONNECTED, COMBINED PHOTOVOLTAIC-STORAGE SYSTEMS

Anders Nottrott, Jan Kleissl, Ph.D., and Byron Washom

University of California San Diego, Department of Mechanical and Aerospace Engineering,
LaJolla, CA, USA

Ongoing advances in electrochemical battery
technologies have dramatically increased the energy
density, reliability, and product lifetime of batteries.
These improvements have trandated to significant
cost reductions in kilowatt (kW)-scale batteries,
making battery energy storage an attractive option to
regulate the variable power output of photovoltaic
(PV) systems. If a battery is connected to the PV
system behind the grid interconnect, the energy
stored in the battery can be dispatched “on demand”
to modulate the net output of the combined PV-
storage system (hereafter PV S system) to the grid.

We considered a simplified PVS system, in
which a PV array and a battery are connected to the
electricity grid via a lossless DC-AC inverter (see
Figure 1). The goa is to determine the optimal
energy dispatch schedule for the battery to achieve
load peak shaving, such that the net PVS system
power output meets or exceeds the customer load
peak. The optimization algorithm leverages day-
ahead PV power output and load forecasts (with 15-
minute resolution and 3-hour updates) to ensure that
the customer load peak is eliminated or reduced as
much as possible, subject to electrical performance
congtraints of the battery array. Our model provides
a convenient framework to quantify the financial
value of solar forecasts. In this paper we ssmulated
the optimal storage dispatch schedule for a typical
commercial-scale PVS system during one year, and
compared the optimal scenario to a simple off-
peak/on-peak, charge/discharge dispatch schedule
that was generated without any knowledge of future
PV power output or customer load (Figure 2). Our
analysis shows that the application of solar
forecasting to the energy storage dispatch problem
results in significant financial savings when
compared with a simple off-peak/on-peak scenario
(Table 1). Financial savings are realized from a
combination of demand charge reduction, time-of-
use price arbitrage and reduced battery cycling,
which resultsin extended battery lifetime.
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Electric
Grid

Battery

Fig. 1. Schematic of the model system illustrating
the important componentsand power flows. All
power electronicsand wired connectionsare
assumed to be 100% efficient and the battery
output responseisnearly instantaneous (i.e., the
response time of lithium (Li)-ion type batteriesis
on the order of millisecondswhile energy dispatch
ismodeled on 15-minute intervals). Because we
have assumed the inverter to be losslessit is not
shown in thisdiagram. The battery management
system isincluded in the battery, which allows
“black box” treatment of complex electrical
dynamics and transients within the battery.

We applied a nonlinear, mathematical
programming routine with receding horizon
optimization to compute the optimum dispatch
schedule for the energy stored in the battery.
Equations 1, 2a-c, and 3a-c are the objective function,
system dynamics, and battery performance
constraints, respectively.
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Fig. 2. Typical PVspower flowson October 31,
2009. (a) The optimal storage dispatch schedule
from the model described in Equations 1, 2, and 3;
(b) the simple off-peak/on-peak, char ge/discharge
schedule that does not use solar or load forecasts.
The PVS output (dashed red line) closely follows
the customer peak load curve (blueline) in (a) but
the PVSoutput falls short of the customer peak
load in (b). Thisexampleindicates superior
perfor mance of the optimal scenario and
demonstr ates the advantages of applying the solar
forecast to determine the stored energy dispatch
schedule. Dashed lines show the limits of the
battery char ge/dischar ge power.

Variables E, P, and R are energy, power, and
ramp rate. Variables with subscript s are related to
the battery array, subscript pf refers to the PV power
output forecast, subscript If is the load forecast,
subscript o denotes power flows to and from the grid,
and O indicates an initial condition. Superscript n is
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the current timestep and N denotes the maximum
number of timesteps over the forecast horizon (i.e.,
N = 96 for a 24-hour forecast horizon at a 15-minute
sampling rate). Superscripts min and max indicate
performance limits of the battery.

An idealized PV output forecast was obtained
from one year of 15-minute DC power output data
from the EBU2 rooftop PV array on the University of
Cdlifornia, San Diego (UCSD) campus. The PV
array has a DC nameplate rating of 75 kW DC. A
load forecast was generated from UCSD campus
historical load data. Uncertainty in the load forecast
was simulated by incorporating random, normally
distributed fluctuations with a standard deviation of
5% of the magnitude of the peak load at any given
time. To smplify the analysis, weekend and holiday
loads were not considered in this paper. The desired
amount of customer peak load reduction (based on
the load forecast) is a parameter in the model and was
set to 150 kW for the results presented herein. The
energy storage device was a Sanyo DCB-102 Li-ion
type battery array consisting of 120 DCB-102
batteries. A single Sanyo DCB-102 is specified to
have an energy storage capacity of 1.59 kW alifetime
of 3000 cycles at 80% depth of discharge (DoD). The
retail cost was assumed to be $1000/kWh. The
battery array has a total energy storage capacity of
El°tal = 190 kWh and a maximum charging
power P = 41.2 kW and discharging power Pm*
= 86.6 kW. To avoid overcharging or overdrawing of
the battery array, the model parameters E*** and
EMn are set to 0.2E£°t4 and 0.99E %% | respectively.
Power requirements for active cooling of the battery
array are not considered in the model.

Utilities assess time-of-use (TOU) energy
pricing and demand charges for industrial customers.
We performed a basic cost analysis to compare
relative benefits of the optimal dispatch scenario and
the off-peak/on-peak dispatch scenario. The
customer’s monthly energy bill was calculated for
one year using the San Diego Gas & Electric (SDGE)
AL-TOU rate schedule for industrial customers. The
AL-TOU schedule includes basic service fees,
seasonal and peak demand charges, and TOU energy
pricing. Table 1 shows the results of the cost analysis
and illustrates significant advantages of the
application of solar forecasting in peak-shaving
applications. The financial value of the solar forecast
can be quantified in terms of the difference between
profits to the PVS system owner at the end of the
system lifetime under the two scenarios. For this
case the value of the solar forecast was
approximately $116,000.



Table 1. Cost analysis comparison of optimized
dispatch schedule with the PV power output
forecast and simple off-peak/on-peak dispatch
schedule without the PV power output forecast.
Thevalue of the solar forecast is about $116,000
based on the difference between the profits
associated with each scenario. The battery
lifetimeincreased by 173% under the optimized
dispatch scenario relative to the simple off-
peak/on-peak scenario.

Off-Peak/On-
Peak without
PV Power
Output and
Load Forecast

Optimization
with PV Power
Output and
Load Forecast

Annual Energy Bill

Cost Reduction [$] 33,200 29,200
Number of Cycles

at 80% DoD 420 730
[cyclyr]

Battery Lifetime [yr] 7.1 4.1
Fixed Cost Simple

Payback Time [yr] 57 6.5
Total Profit at End

of Battery Lifetime

(Annual Energy BiIll 45,300 70,700

Savings x Battery
Lifetime — Fixed
Costs) [$]
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NUMERICAL ANALYSIS ON THE TEMPERATURE DISTRIBUTION
IN THE MOLTEN SODIUM-SULFUR BATTERY MODULE

JuneKeeMin' and Chang-Hui L e’

Pusan National University, Busan, Korea
Research Ingtitute of Industrial Science and technol ogy, Pohang, Korea

ABSTRACT

The sodium-sulfur battery cell operates at a high-temperature condition of 290 °C to 350 °C to use molten-
liquid-state electrodes. The battery module consists of multiple cells and the corresponding therma management
system such as heaters and insulations. The optimal design of the thermal management system is essential in order
to achieve uniform temperature distribution inside the module, and the overall energy efficiency of the module is
directly dependent on the heat dissipation of the casing. In the present study, a new numerica model for the
thermal analysis of sodium-sulfur battery module has been suggested. The heat generation of the cell was modeled
based on the electrochemical reaction process of the battery. The thermal properties of the cell such as thermal
conductivity and thermal capacity were also modeled by using the one-dimensional thermal network analysis and
available test results. Using these equivalent thermal models of the cell, the three-dimensional temperature
distribution inside the battery module could be predicted by solving the thermal energy conservation equation
numerically. The distribution of temperature and the thermal energy efficiency of the battery module for different
arrangements of the cells and heaters are summarized.

Keywords: sodium-sulfur battery, thermal management, numerical analysis

INTRODUCTION management system for the battery module is

. i essential.
It is well known that the sodium-sulfur battery

has a high energy density, high efficiency of
charge/discharge, and long cycle life. In 1960s,
studies on this battery for the application to the
electric car were carried out. Since the 1980s, this
battery has been a promising candidate for the
stationary energy storage. Great achievements have
been made for this application, especially in Japan
and Europe[1].

In the present study, the numerical prediction
model of the sodium-sulfur battery module has been
suggested. Even with the rapidly growing computer
capability, the direct prediction of therma
performance of the battery is too complicated. To
overcome this complexity, a multi-level approach
has been adopted by evaluating equivalent thermal
properties of the cell. Furthermore, a multi-fidelity
approach that incorporates zero- and three-

The sodium-sulfur battery operates at a high- ; ; h
temperature condition of 290 °C to 350 °C to use dimensional analyses has also been developed.
molten-liquid-state electrodes. The battery module,
which contains multiple unitary cells, uses the NUMERICAL APPROACH
thermal management system such as the heater and Cell Model

the insulation casing. This thermal management
system should be able to heat the battery to desired
temperature and maintain an even temperature
distribution in all operating conditions [2]. The heat
dissipation from the module is also important since
it isdirectly related to the module efficiency [3]. As
a result, the optima design of the thermal

Figure 1 represents the typical configuration of
a sodium-sulfur cell. The purpose of cell model
analysisisto get equivalent thermal properties such
as the thermal conductivity, specific heat, and
density in order to use in the module-level analysis.
From the geometric configuration of the cell, the
thermal conductivity of the cell should have
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different values in the horizontal and vertical
directions, respectively. For a numerical thermal
analysis, hexahedral mesh was generated inside the
half model of the cell. Figure 2 shows the
temperature distributions inside the cell when it is
under temperature difference. As a result, the
equivalent anisotropic thermal conductivities in
each direction can be evaluated by solving the
Fourier's law using the calculated heat transfer rate
Q. The other properties are calculated considering
the volume fractions of each component inside the
cell.

Fig. 1. Schematic of a sodium-sulfur cell.

\ AT=100K

MH\‘I

AT=100K

Vertical loading Horizontal loading

Fig. 2. Temperaturedistribution insidethe
cell.

Module Analysis

Figure 3 shows the quarter model of sodium-
sulfur battery module. In the module analysis the
cell is assumed to have equivalent thermal
properties evaluated in the cell model. The gap

Insulation (SEJ

(bottom, side, back)
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between the cellsisfilled with the industrial sand. It
is known that the heat generation inside the cell can
be represented by the following equation.

de
Q=1 17T
In the above equation, the first term represents
the joule heating due to the electric resistance of the
cell and the second term is an entropy term that
represents the heat of reaction. The chemical
reaction of the sodium-sulfur cell is exothermic for
discharge and endothermic for the charge process.
In the present study, the experimental correlation of
the entropy generation by Koendler [4] has been
used in the calculation. Using computational mesh
generated inside the module, the unsteady heat
conduction equation is solved to get the temperature
distribution.

@

Insulation (Top)

e

Heater

N\
: Cells

(w/ equiv. properties)

Fig. 3. Solid model of a battery module (1/4).

RESULTS

In Figure 4, the temperature distribution inside
the battery module is depicted at the end of
discharge period. In the calculation, it is assumed
only the heaters at the side and bottom walls were
working. It can be seen that the cells near the heater
have higher temperature and the non-uniformity of
temperature can be precisely  evauated
quantitatively. Due to the heat generation inside the
cell, the cell shows relatively higher temperature
compared to the surrounding sand region. Figure 5
shows the variations of average, maximum, and
minimum temperatures for module operation. It is
expected that the optimal design of the thermal
management system for the sodium-sulfur battery
module can be carried out numerically by using the
suggested procedure.
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HYDROGEN ENERGY STORAGE

Erik Wolf

Siemens AG, Energy Sector Renewable Energy

Great portions of renewable energy in a future
energy supply system lead to a dramatically atered
layout and mode of operation of the whole system. To
ensure the economic efficiency of the system,
cost-optimizing solutions need to be searched for.

These very complex questions of layouts can be
calculated today with appropriate methods. One
receives a resilient image of the infrastructure needed,
especialy the capacity of the energy transmission
network and of the necessary backup power plants.
Moreover, the efficiency and mode of operation is
determined by large energy stores, from which, in the
end, political and technical operational
recommendations are being derived.

a% Wind Power +

=)

b% Solar Power + c% Fossile/Nuclear Power

(EU202x) a=0.3, b=0.0, c=0.7
(EU20XX) a=0.55, b=0.45, ¢=0.0

08
25

55% wind power
= 135000 5MW turbines
= 4000 Nysted offshore farms
= 50000 - 75000 km?

al(a+b)
06

04
20

45% solar (PV) power
= 5000 km?

02

0.0

minimum storage capacity (c=0)
= 400 - 480 TWh
= 2.2- 2.6 km? hydrogen

Fig. 1. Example storage demand for Europeis
determined by the generation mix (a: wind
power; b: solar and other available sour ces;

c: conventionally also biomass or geothermal

energy).

The challenge of an energy supply system fed by a
100% renewable source of energy is the possibility to
use the surplus production of electric energy in times of
underproduction. Energy storage with high capacity

151

and output power are needed for compensation
purposes. In reference to the previously explained
storage needs (Figure 1), it is displayed how with the
help of hydrogen and conventional gas power plant
technology a storage can be put to use to cover large
production deficits with an output of ~500 MW und
>100 GWh (equals a week of base load operation).

Large energy storage (see Figure 2) is important
for areas of high population density and cities with
high demand in energy. For smaller communities,
smaller systems (<100 MW) in form of daily storages
are also being discussed and will be addressed in the
lecture. They would enable an autarky without recourse
to the network as backup.

Apart from these two qualities, output, and
capacity provision, another technical aspect will be
discussed: the stabilization of the network (short circuit
strength) with the help of this storage technology.

A brief economic view on the investment, as well

as the operation and electricity cost, will complete the
introduction of thistechnology.

Wind Power Plant

H; Compressor / Expander

High Pressure Electrolyzer

Underground Storage

Fig. 2. Hydrogen large-scale energy storage.
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ECONOMIC AND COST MODELING OF THE REPURPOSING OF ELECTRIC
VEHICLE BATTERIES FOR STATIONARY STORAGE APPLICATIONS

Sam Jaffe

IDC Energy Insights, Boulder, CO, USA

ABSTRACT

Lithium (Li)-ion batteries represent a tremendous opportunity for vehicular and grid storage applications.
When measured against other battery chemistries, Li-ion excels at high energy and power densities, while cycling
at high efficiencies over long periods of time. Their primary weakness is the high manufacturing cost, which
should come down over the next five years as manufacturing plants scale up. However, additional value and lower
prices can be achieved if the Li-ion batteries are repurposed after their useful life in vehicles for other applications,
primarily grid storage. This poster examines the chemistry and the economics behind repurposing vehicular battery
packs for grid storage applications and includes a model for pricing the batteries and the impact of repurposing
strategies on both the vehicular application and the grid storage application.

K eywords: battery management system, lithium-ion, EV batteries, grid storage

GENERAL discounted value for the second buyer) alows for a

. . further reduction in the cost of the batteries.
In the race to determine the next-generation

battery that is optimal for use in electric vehicles The
(EVs) and in grid storage applications, it is now
clear that Lithium (Li)-ion has won the first few
laps. Due to the excellent efficiency profile, energy
density, power density, cycle life, and calendar life,
Li-ion is able to outperform most other chemistries.
Its primary drawbacks are safety (due to the
possibility of thermal runaway) and manufacturing
cost. Due to next-generation formulations, Li-ion
batteries have proven that they can solve the safety
issues that have hampered previous iterations of the
technol ogy.

concept of repurposing batteries
introduces several potential problems, however,
including:

e Theinitial buyer of the battery system (the
automotive original equipment
manufacturer) has to pay careful attention
to the care and conditions of the battery
during its lifetime in the vehicle than it
would otherwise be required to if it
assumed that the battery were to be
disposed of after being taken out of the car.

e The secondary buyer (the electric utility)

Additionally, the Li-ion manufacturers are must change its cultural predisposition to

making good progress at cutting manufacturing ) : :
costs to the point where IDC Energy Insights pur.cha.smg used equipment, something
predicts that calls will reach the $500 per kilowat which is very rarely done today.

hour (kWh) threshold sometime in the next three ° Th? battery pack for the veh|clemust be
years. However, advancements beyond that point designed for theeagyrefurblshment OT
will be hard to make. It is hard to determine a route cells upon repurposing, rathq thgn being
that Li-ion manufacturing can take to get prices solely designed for the optimization of the

significantly below $400/KWh. driving experience. N
* A method for replacing failed cells within

amodule or pack should be made possible,
which is not the case today dueto
adhesives that hold the cells together.

Repurposing Li-ion batteries in order to
lengthen their useful lifetime and thereby reduce the
overall cost of the cells (thanks to a resale value of
the used batteries for the initial buyer and a deeply
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e Therma management systems, power
electronics, and battery management
systems for the repurposed modules must
be designed for specific grid applications.

Assuming that sufficient solutions for each of
the above problems can be achieved, then
repurposing batteries can become an active part of
both the EV ecosystem and of the grid storage
ecosystem.

It's also important to determine how much such
batteries could cost the secondary buyers. Assuming
that a $400 per kWh price point is achieved by 2020
(when the first large volumes of batteries will start
to come out of cars), the residual value of battery
packs must be priced at a steep discount to the new
packs that will be available at that time. According
to modeling done by IDC Energy Insights, it is
realistic to expect that the repurposed battery packs
will have aresidual value of at least $100 per usable
kWh and as much as $150 per usable kWh.

The implications of that price range are
significant for both the EV industry and the grid
storage industry. The cost of a new battery pack for
an EV will effectively be $250 to $300 per kwWh at
the cell level, which makes plug-in electric vehicles
(PEVS) extremely price competitive with internal
combustion vehicles. Likewise, a $100 to $150 per
kWh price point for grid storage batteries enables
them to be utilized for a wide range of applications,
ranging from ancillary services to demand response
to possibly even bulk load shifting.

While repurposing of grid storage batteries is
still a decade away, it isimportant for both the PEV
industry and the grid storage industry to begin the
strategic planning process for utilizing this process
to make Li-ion batteries usable for both industries.
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EXPERIMENTAL APPROACH FOR THERMAL MODELING OF
SODIUM-SULFUR BATTERY BASED ON ISOTHERMAL CHAMBER TEST
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ABSTRACT

In order to design the efficient system of the sodium-sulfur battery, the optimization of the thermal management
system is essential because the cell is operating above 300 °C with the high-temperature condition. To figure out the
thermal management of the system or battery module, the thermal modeling of the unit cell is a very basic and
important step by observing the heat generation under the cyclic operation of the sodium-sulfur system. Basically,
the reaction of the sodium-sulfur battery is quite complex during the charge and discharge of the cell. With the
thermal system viewpoint, the reaction between sodium and sulfur is simplified to exothermic reaction when the cell
is discharged and endothermic when it is charged. However, the thermal capacity of the cell needs to be clarified
because the reaction of the cell is quite inhomogeneous along the cell. In this paper, the thermal properties of the cell
such as thermal conductivity and thermal capacity were analyzed by the isothermal chamber experiment during the
cyclic performance test in a certain range of operation. An experimental setup was developed that allows the
investigation of the temperature response of the cell by using the calorimeter concepts. To get the accurate response,
the thermal loss should be minimized throughout the whole experiment. Based on the research, the sodium-sulfur
cell can be modeled by the heat source with various thermal capacities by the operation schedule.

Keywords: sodium-sulfur battery, thermal modeling, isothermal chamber test

INTRODUCTION evolve the irreversible heat losses due to cell
polarization, and the reversible losses due to its

Nowadays, the sodium-sulfur batteries operated entropy change.

on high temperature are widely spread on load
leveling applications based on their high energy
density, high efficiency of charge/discharge, and long
cycle life. In an earlier stage of development of
sodium-sulfur batteries, most of the applications were
diverged to the electric vehicle. However, since the
1980s, this battery has been a promising candidate for
stationary energy storage. Moreover, thisis one of the
great successes that has been made for this
application, especially in Japan and Europe [1].

From the previous research [2, 3], most of the
research was focused on the determination of the heat
capacity and the heat generation rate of sodium-sulfur
cells. In the cyclic operation of those cells, the
adiabatic and isothermal procedure was applied to
figure out their thermal characteristics. However,
those cells are relatively low-capacity with small
dimension compare to the recently developed higher-
capacity cells, so the developed heat generation
model has the fundamental limitation on their
practical application for recently developed sodium-
sulfur systems.

Similar to al other battery systems, thermal
management is very important to manage safe system
operation. Moreover, high-temperature sodium-sulfur
batteries are more important to predict their thermal
response during their cyclic operation because of
their  temperature-sensitive  characteristics  in
efficiency and the safety point of view. During the
operation of sodium-sulfur batteries, the batteries

In the present study, the experimental approach
to determine the heat generation of the recently
developed sodium-sulfur battery has been suggested.
The recently developed battery is designed to the
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higher capacity along with a bigger dimension.
Figure 1 shows that the cell has higher length-to-
diameter ratio in its geometrical characteristics;
therefore, compared to the smaller cell, the
longitudinal deviation must be considered when the
cell is characterized in its thermal and electrical
properties.

H
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Suslfur it Fesda
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Fig. 1. Schematic and major dimension of the cell.

EXPERIMENTAL APPROACH
Cyclic Testing of The Cell

Figure 2 represents the experimental setup of
charge/discharge cyclic operation of the sodium-
sulfur cell. The purpose of the cyclic testing is to
figure out the short-term electrical performance of the
sodium-sulfur cell. During the cyclic testing, the cell
temperature of the sodium and sulfur side was also
recorded; the chamber is controlled by three-zone
controllers.

For the cyclic testing, the cell is operated
between 8 to 85% of its depth of discharge (DOD).
The cell has the minimum resistance as 4.2 milliohms
under 40 amperes current load.

Thermal Analysis

Generally, the heat generation rate Q can be

caculated as the product of heat capacity and
temperature change per unit time:

dT

dt

(1)

If the measuring time and thus the temperature
rise were kept low, dT/dt will be constant and Q can

be determined rather precisely. In this experiment,
measurements on the test cell are made using the
above procedure.

Q=mc

dE/dt (V)
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Fig. 2. Schematic of the cyclic testing of the cell.

Moreover, the thermodynamic equation for the
heat generation Q in the electrochemical cell is:

de
=1 T—
Q=11- dT

2

In the above equation, the first term represents
the joule heating due to the electric resistance of the
cell and the second term is an entropy term that
represents the heat of reaction. The chemical reaction
of the sodium-sulfur cell is exothermic for discharge
and endothermic for the charge process. In the
present study, the experimental correlation of the
entropy generation by Knoedler [2, 3] has been
compared with the experimental result.

RESULTS

In Figure 3, the tested results with entropy
calculation were compared with the previous research
of Knoedler and Sudworth [3, 4]. The experimental
result is well matched considering the phase change
a 60% DOD; however, the variable resistance by
DOD change should be more discussed with more
experimentation and proper modeling.

0

DOD (%)

-0.0001

-0.0002

-0.0003

-0.0004 ; \
-0.0005

-0.0006

= Knoedler = Sudworth

-0.0007

-~ @---variable-R k= constant-R

-0.0008

Fig. 3. Comparison of the calculated entropy
variation by DOD.
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PRELIMINARY FINDINGS OF NATIONAL RENEWABLE ENERGY LABORATORY'S
ELECTRIC VEHICLE LITHIUM-ION BATTERY SECONDARY-USE PROJECT

Jeremy Neubauer* and Ahmad Pesaran®

!National Renewable Energy Laboratory, Golden, CO, USA

ABSTRACT

The high cost of lithium-ion batteries is a major impediment to both the increased market share of electric
vehicles (EVs) and the proliferation of energy storage on the grid. The reuse of EV propulsion batteries in grid-
connected second-use applications following the end of their automotive service life may have the potential to
offset the high cost of these batteries for both markets. In this paper we estimate the financial viability of battery
second-use strategies, considering the effects of competitive technology, the costs to repurpose automotive

batteries, the value and size of grid-connected energy storage markets, and the deployment rates of EVs.

Keywords:. energy storage, lithium-ion, EV, second use, battery salvage value

INTRODUCTION

Accelerated market penetration of electric
vehicles (EVs) is presently restricted by the high
cost of lithium-ion (Li-ion) batteries. Deployment
of grid-connected energy storage, which could
increase the reliability, efficiency, and cleanliness of
the grid, is similarly inhibited by the cost of
batteries. Research,  development, and
manufacturing are under way to improve the
performance and reduce cost by lowering materials
cost, enhancing process efficiencies, and increasing
production volumes. Another possible path
currently under consideration is to recover a
fraction of the battery cost via reuse in other
applications after it isretired from vehicular service,
where it may ill have sufficient performance to
meet the requirements of other energy storage
applications. By extracting additional services and
revenue from the battery in a post-vehicle
application, the total lifetime value of the battery is
increased. Thudly, the overall cost of energy storage
solutions for both the primary (automotive) and
secondary (grid) customer can be decreased.

The U.S. Department of Energy’s Vehicle
Technologies Program has funded the National
Renewable Energy Laboratory (NREL) to answer
these questions and investigate the second use of
modern Li-ion EV batteries in grid-related
applications. In this paper we estimate the financial
viability —of battery second-use strategies,
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considering the effects of competitive technology,
the costs to repurpose automotive batteries, the
value and size of grid-connected energy storage
markets, and the deployment rates of EVs.

ANALYSIS

We take two approaches to estimating the
value of used EV batteries. First is a competitive
technology approach, in which a maximum value
for the used battery selling price is determined by
requiring that used batteries be cost-competitive
with equally capable new batteries. Subtracting the
cost of repurposing yields the maximum achievable
salvage value. Second is a generated revenue
approach, in which maximum buying price
estimates are determined by the vaue of
applications anticipated to procure used batteries.
To provide additional guidance on the viability of
second-use strategies, the anticipated supply of used
batteries is therefore compared to the financially
motivated demand.

Competitive Technology Approach

Under the competitive supply approach, we
assume (1) profitable and willing secondary use
applications will be available at the time of the
battery’s automotive service retirement, and (2) the
principal competitor for second-use EV batteries in
the selected second-use application is newly
produced EV batteries. Under these assumptions,



the premise that demand will exist for used batteries
priced less than equally capable new batteries is
valid. Thus the future selling price of a used EV
battery will be proportional to the cost of an equally
capable new battery, taking into consideration the
health of the used battery and a used product
discount factor (equal to the ratio of what a
customer is willing to pay for a used product to
what that same customer is willing to pay for an
equally capable new product). Further details of
this methodology are discussed in Reference 1,
including means of estimating health factors and
new battery costs. Under the assumptions therein,
the estimated future selling price for used EV
batteries produced today is generally less than $170
per kilowatt hour (kWh), primarily a result of an
assumed steep 70% decline in new battery costs.

There are significant costs involved in the
processes between retiring a battery from
automotive service and selling it to a secondary
market (collection, testing, repackaging, etc.).
Cready et a. [2] edstimated these costs at
approximately $72/kwh.  Subtracted from a
maximum selling price of $170/kWh, this leaves a
salvage value of less than $100/kWh to be paid to
the automotive battery owner.

Generated Revenue Approach

Multiple studies on the value of utility-based
energy storage applications have recently been
released [3, 4]. In this paper, we leverage these
works to first calculate the maximum revenue
achievable on a dollars-per-kilowatt-hour basis for
used EV batteries serving the utility applications
reported on therein over a range of feasible
discharge durations, rates, and depths of discharge.
The results of our analyses on both sources suggest
(Figure 1) that regulation, quality and reliability,
and transportable transmission and distribution
upgrade deferral are the most valuable applications.

Next we select specific discharge durations,
rates, and depths of discharge for each of these four
down-selected applications, aggregate the quality
and reliability applicationsinto one, and subtract the
balance of systems costs using the most relevant
data available from Reference 2. The resultant
revenues and allowable battery costs are shown in
Figure 2, showing that the balance of systems costs
leave $217/kWh and $175/kWh to cover battery
costs on average for area regulation and
transportable  transmission  upgrade  deferral,
respectively. The average value for the power
quality and reliability application has gone to
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negative $73/kWh, suggesting that the balance of
system costs outweigh the potential revenue before
the costs of the battery are considered.
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Fig. 1. Grid energy storage application revenue.
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Fig. 2. Revenue and allowable battery cost for
three down-selected grid energy storage
applications.

Supply and Demand

It is additionally worth considering the relative
supply and demand of used batteries. Accurately
estimating available supply is challenging, as it
depends upon the adoption rate of EVs, the type of
EVs deployed, automotive battery life, etc. Our
conservative forecast of used battery supply predicts
approximately 2.5 gigawatt hours (GWh) could be
deployed by 2030. Aggressive EV deployments and
more optimistic assumptions about the number and
state of batteries available for second use could
increase this number to more than 30 GWh by that
time.



For comparison, our methods applied to the
data in Reference 3 predict a total ten-year grid
demand of 158 GWh for the down-selected
applications. The fact that our alowable battery
cost calculations show only subsets of the
regulation and power quality and reliability markets
to be cost-effective, and that there is growing
competition from other technologies in each of
these markets, means the actual achievable markets
are likely smaller. On the other hand, the basis
market projections in Reference 3 may need to be
amplified to treat our principal period of interest
(2020 to 2030). Thus thereis too much uncertainty
in our estimates to precisely contrast the supply of
used batteries with the demand from the grid.
However, it is observed that the supply has the
potential to considerably overrun the demand,
which would suppress battery salvage valuesif new,
higher value markets are not identified.

CONCLUSIONS

The analysis herein estimates a maximum
salvage value of ~$100/kWh and a maximum used
battery sale price of ~$170/kWh, based upon the
availability of competitive technology and the costs
of repurposing. Having considered the value and
market size of many grid-connected applications, as
well as the balance of systems costs, it appears that
area regulation, power quality and reliability, and
transportable transmission and distribution upgrade
deferral can supply a sufficient market at this price
point under conservative EV deployment scenarios.
Aggressive EV deployments could change things
considerably by providing a surplus of used
batteries, which would reduce the selling price and
thus presumably open up additional markets. It is
important to note, however, that there are many
assumptions and uncertainties involved in making
these estimates.
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The electrical power grid isin urgent need of a
new energy storage technology. This is because
power generated from renewable energy, such as
wind turbine and photovoltaic, is steadily increasing
and the use of electric vehicles is growing rapidly.
There are several available electricity storage
technologies, namely hydro-pump, compressed air
energy storage (CAES), and secondary batteries. The
hydro-pump is the most mature, conventional storage
for electrica energy; however, it is limited by
geographical and environmental issues. CAES faces
the same dilemmas as the hydro-pump. At present,
several secondary batteries are attractive as the
energy storage for photovoltaic and wind turbine
system. They are lead-acid, lithium, metal hydride,
sodium-sulfur, and redox flow batteries [1,2]. The
redox flow battery is a good candidate for large-scale
energy storage. Many test sites in the range from kW
to MW were successfully demonstrated. The redox
flow battery [3], especialy the vanadium redox flow
battery (VRB), is a promising energy storage
technology because of its operation at ambient
temperature, low cost, and long life cycle.

The current VRB system uses sulfuric acid at
concentration around 2 M, and vanadium
concentration of 1 to 3 M. The charge/discharge
current density is around 40 to 80 mA cm? A new
electrolyte with a less corrosive, high vanadium
concentration and fast reaction rate is beneficial for a
better VRB energy storage system. For less corrosive
electrolyte, more choices of low-cost material can be
used for safe operation and maintenance. For a fast
reaction rate, the energy storage can be operated at
high charging/discharging current. It also reduces the
cell stack volume. Electrolyte with high vanadium
concentration improves the energy density of the
entire storage system.
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The purpose of this work is to study various
operating parameters on the performance of a single
cell. Those parameters are electrode compression
pressure, electrode surface pretreatment, electrode
configuration, electrode catalyst, and electrolyte
composition. The cell performance is evaluated by
the cell voltage versus current (E-1) curve.

Electrolyte used in the single-cell study is2.0 M
VOSO, + 2.0 M H,SO, agueous solution. This study
used a conventional single cell for proton exchange
membrane fuel cell testing. This cell has an electrode
active area of 25 cm? (5 cm x 5 cm) with serpentine
flow channels. A hydraulic press was used for the
electrode compression experiment. Nafion 117 (from
du Pont) was used as the separator of single cell.

We investigated the effects of operating
parameters on the single-cell performance (cell
voltage versus current). In order to reduce the
resistance to acceptable level, carbon felt needs a
higher compression pressure than the carbon paper.
The porous layer of the electrode adjacent to the
membrane has better performance than that facing the
flow channel. An electrode coated with catalyst
improves cell performance. Electrolyte containing a
high concentration of vanadyl ion is a significant
improvement over electrolyte with low vanadyl ion
(VO™). However, concentrated electrolyte (4.0 M
VOSO,) is not stable at a high current operating
condition.

During this study, we designed and fabricated a
new prototype single cell. Cell configuration is given
in Figure 1. A short stack containing five cells was
also built. Both the single cell and short stack will be
tested and revised in the near future.



e

Fig. 1. Configuration of a prototype single cell.
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LIFETIME OF VANADIUM REDOX FLOW BATTERIES
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ABSTRACT

Flow batteries in general and the vanadium redox flow battery in particular exhibit potentially long lifetimes.
This is mostly because that most of the energy is stored outside the electrochemical cells and the all vanadium-
containing electrolytes do not decay from cross-contamination. However, shift in vanadium valency due to
membrane leakage, membrane aging, increase in internal resistance, and parasitic side reactions will influence the
battery capacity and require service action to rebalance the electrolyte. But unlike in conventional secondary
batteries, the full capacity can be restored repeatedly. Service lifetime depends very much on the application, and
thus it is advised to rather use the term “application service life” since the same battery will achieve different
service lifetimes in different applications. This presentation will deal with lifetime considerations from the
technical, application, practical, and economic point of view.

K eywords: vanadium redox flow battery, battery lifetime, application service life, decentralized energy storage for
wind and solar energy, off-grid and grid-connected energy storage systems

INTRODUCTION

In conventional secondary battery systems,
performance data include C-rate, cycle life, and
calendar life with strong dependency on state of
charge (SOC) and temperature [1]. In flow batteries,
C-rate has no significance since most of the
electrolyte is stored outside the electrochemical
cells. Therefore, there is a need to reconsider
definitions that are very suited for secondary
batteries but might not be useful for flow batteries.
In genera, lifetime is determined by technical
performance and limitations due to battery
chemistry, as well as structural features due to
battery layout and design. This paper deals with
service life considerations from the technical,
application, practical, and economic point of view.

EXPERIMENTAL

Service life predictions are difficult to derive
since accelerated lifetime test procedures often
divert from conditions under real applications. On
the other hand, it is very cost- and time-consuming
to perform service life tests under real conditions.
From the customer’s point of view, end of service
life is defined when the battery does not meet the
application requirement in terms of power and
capacity. In redlity, batteries are somewhat
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oversized and applications may change over the
years of use as well. The vanadium flow battery is
best suited to accommodate for such changes.

For service life considerations, we have
organized the battery in five magjor components:
(2) the electrochemical cells and connectors, (2) the
electrolytes contained in tanks, (3) pipes, pumps,
and sensors, (4) power electronics, and (5) battery
housing, including facility management such as air
conditioning. In principle, each component can be
replaced during maintenance, and economics will
determine how long this may be sensible. In
addition, there are technical limitations related to
the battery chemistry that will have an impact on
the lifetime of the electrochemical cells and the
accessible capacity of the battery. While the
electrochemical cells are subject to fail due to
increase in internal resistance, the electrolyte
capacity fade is due to an unbalanced vanadium
concentration and shift in valency. Both failures can
be corrected in situ by intermixing the electroytes
and rebalancing. This is a fully reversible process
and underlines the unique features of the vanadium
flow battery.

In order to better understand the technical
limitations of vanadium flow batteries, let us



consider the open circuit voltage open current
voltage (OCV) of the battery as a function of SOC
at agiven temperature (Figure 1).
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Fig. 1. OCV versusSOC at 298K of a 1.6 M volt
sulfate system in 2 M sulfuric acid.

The OCV relationship from Figure 1 was
obtained experimentally using the so-called OCV
cell of the commercial battery. The OCV was
measured under flowing conditions and the
incremented charge was registered and converted
into an SOC value in percent. The OCV values were
corrected for temperature.

The OCV versus SOC relationship shows an s-
shaped characteristic, thus revealing for every
voltage difference a distinct value for the SOC. This
is very valuable since information on SOC can be
provided online. According to the electrode
reactions during charging and discharging, four
valencies of vanadium are present.

At the positive electrode:
VO," + 2H" + € = VO™ + H,0
At the negative electrode;
V¥ =v¥+e
Overall reaction:
VO, + 2H" +V* =VO* + H,0 + V¥

In the negative electrolyte, V** and V* are
present, while in the positive electrolyte V** and V**
are present. During charging and discharging within
one electrolyte the concentrations of vanadium in
different valencies will vary; i.e, V* becomes
dominant after the inflection point at 50% SOC, and

in the negative electrolyte V** becomes dominant
after the infection point. However, the
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concentrations of V¥ and V**, and V** and V*
respectively, must be equal in order to obtain full
capacity. In practical vanadium flow batteries the
electrolytes become unbalanced during service life.
The degree of unbalance depends strongly on the
application. A shift to more V*" is observed. Besides
V®* in solution, vanadium pentoxide (V,Os) can
also precipitate in the positive tank and plumbing
system. However, the amount is typically very small
and negligible in terms of capacity loss. Despite that
minor effect, (V,Os) can cause clogging of the
electrochemical cells and cell failure. The reason for
precipitation is increased temperature at high SOC.
It is mostly the high SOC that limits the life of cells.
Besides the V,0s precipitation, oxidation of the
graphite felt electrodes and bipolar sheet current
collectors can occur and consume the carbon. Cell
fallure due to high interna resistance is the
consequence. It would be best to avoid high
oxidation states in the battery, i.e, when V'
concentration exceeds 80%. The charging regime
can be limited to that value of the expense of
capacity. However, in unbalanced electrolytes, this
valueisdifficult to handle.

Although a shift in vaency will cause
intermediate capacity loss, the vanadium is not lost
and the full capacity can be recovered through
rebalancing. The rebalancing process is done at the
customer’s site and is another major advantage of
the vanadium flow battery.

Service life of the electrochemical cells is
limited by the internal resistance, which tends to
increase over time and is also strongly dependent on
the application. However, the cells can be replaced
easily during maintenance and the power can be
fully restored at a moderate cost. The electrolyte
volume disposed with the electrochemical cells is
marginal in cost and will be replaced with the new
cells.

RESULTS AND DISCUSSION

Service life cannot be separated from cost. As
described in the introduction, in principle all
components of the battery could be replaced many
times. But in many cases this would not be
economically sensible. The critical number will thus
be the total cost of storage in relation to the
delivered energy — which of course is strongly
application-dependent. Expected lifetimes for the
components, pumps, and pipes and sensors can
operate from 1 to 5 years. Electrolytes and tanks are
expected to be used economically up to 20 years, as
well as mgjor parts of the battery housing. Power



electronics will be subject to replacement by newer
instruments with higher-efficiency models after 5
years, but could also be used up to 10 years.

The issue of internal resistance and electrolyte
running out of balance are closaly interrelated,
where the membrane plays an important role with
respect to unbalance and aging in the first place.
Membranes with high selectivity are advantageous
over membranes with higher conductivity and
reduced selectivity. Once the electrolyte runs out of
balance, the cells will suffer from high oxidation
corrosion, increased self-discharge, and cell
resistance. Therefore, the lifetime of cellsis still the
big question mark. Since cell failure can have many
reasons, more field experience is needed to make
better predictions. An open question on long-term
performance is also the influence of minor
impuritiesin the electrolytes.

Online data acquisition and analysis are
important  requisites to learn more about
performance under real conditions from the past and
help extrapolate into the near future. One interesting
number for forecasting service life is the sum of
times during which the battery was in a high SOC.
How high the SOC can be tolerated remains to be
seen. On the other hand, limiting the SOC may
solve the problem, especially with highly selective
membranes. The disadvantage is the higher cost due
to lesser utilization of the electrolytes. However, the
electrolytes can be rebalanced in situ and recovered
from one system and used in the next.
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CONCLUSIONS

Service life of vanadium flow batteries is
strongly dependent on the application. The
electrochemical cell is the most critical component.
Although the electrolytes do run out of balance
during service, they can be rebalanced during
maintenance. All other components can be replaced
under cost considerations. Service life can be
extended as long as sensible.

The cost of energy generation and storage in
units/kilowatt hours delivered will differ from
application to application. It contains al costs from
investment through maintenance and is a useful
number for comparison with other resources such as
grid or fossil fuels.
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COMMERCIALIZATION OF SILICON CARBIDE POWER MODULES
FOR HIGH-PERFORMANCE ENERGY APPLICATIONS

J. Hornberger, B. McPherson, J. Bourne, R. Shaw, E. Cilio, W. Cilio, B. Reese,
E. Heinrichs, T. McNutt, M. Schupbach, and A.B. L ostetter

Arkansas Power Electronics International, Inc.
535 W. Research Center Blvd., Fayetteville, AR, USA

ABSTRACT

Over the past ten years, Arkansas Power Electronics International (APEI), Inc., has been developing advanced
next-generation power electronics capabilities through the design and implementation of silicon carbide (SiC)-based
systems and platforms. SIC has the capability to reduce electrica energy waste by more than 90% and
simultaneously reduce power electronics system size and weights by up to an order of magnitude, and it is poised to
completely revolutionize the power electronics industry and reduce our dependence on foreign energy. The demands
of modern high-performance power electronics systems are rapidly surpassing the power density, efficiency, and
reliability limitations defined by the intrinsic properties of silicon-based semiconductors. The advantages of SiC are
well known, including high temperature operation, high-voltage blocking capability, high-speed switching, and

high-energy efficiency.

The high-performance power modules presented
within this discussion are new commercial products,
employing the design techniques, advanced materials,
and manufacturing processes developed by Arkansas
Power Electronics International (APEI), Inc., to meet
the demands of current and upcoming power
electronic systems. This power module is rated to
1200 volts, is operational at currents greater than 150
amperes, can perform at temperatures in excess of
225°C, and is designed to house various silicon
carbide (SIC) devices, including metal-oxide-
semiconductor field-effect transistors (MOSFETS),
junction field-effect transistors (JFETS), or bipolar
junction transistors (BJTs). The module is designed
for high-performance commercial and industrial
systems such as hybrid electric vehicles or renewable
energy applications, implements a novel ultra-low
parasitic packaging approach that enables high
switching frequencies in excess of 100 kilohertz, and
weighs in at just over 130 grams (offering ~5x mass
reduction and ~3x size reduction in comparison with
industry  standard power  brick  packaging
technology). It is configurable as either a half- or
full-bridge converter.

The main goal for this module is to introduce to
the market a commercial SIC module product (HT-
2000 series) that can be used in the mentioned
applications. A big credit to the success of this
commercialization activity is the funding provided by
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the U.S. Department of Energy Energy Storage
Program through the Small Business of Innovative
Research Phase I, 11, and Il programs. An image of
the newly developed HT-2000 module is shown in
Figure 1.

Fig. 1. HT-2000 series SiC power module
with operating conditions of 1200 volts,
>150 amperes, and 225 °C oper ations
temperature.
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SECOND-GENERATION COMPRESSED AIR ENERGY STORAGE TECHNOLOGY
MEETING RENEWABLE ENERGY/SMART GRID REQUIREMENTS

Dr. Michael Nakhamkin® and Beat Acher mann?

'PE. and Chief Technology Officer, Energy Storage and Power, LLC,
520 US Route 22 East, Suite 205, Bridgewater, NJ, USA

/P of Gas Storage, MAN Diesel Turbo, Hardstrasse 3198005, Zurich, Switzerland

ABSTRACT
The Second-Generation Compressed Air Energy Storage (CAES2) technology is seriously considered by a

number of power generation utilities that are moving toward execution of the CAES2 projects.

Dr. Michael

Nakhamkin presented at the Mega-Session of the PowerGen 2010 the fundamentals of the Compressed Air Energy
Storage Technology from the first 110-megawatt (MW) CAES project in Alabama to the second generation of
CAES2 co-sponsored by Department of Energy (DOE) for two upcoming CAES projects.

This paper will present newly developed CAES2
features to meet specific smart grid and renewable
energy requirements as well as limitations provided
by the underground storage characteristics.

The presentation will include the approximate
200-MW, 350-MW, and 450-MW CAES2 plants with
demonstration of flexibilities to meet specific smart
grid and renewable energy requirements and specific
characteristics for underground storage limitations
including:

e Heat and mass balances indicating the heat
rates (3700 to 3900 Btu/kwWh) and energy
ratios (0670.75);

e Synchronous reserves with delivery of
approximately 60% of the total capacity
within 2 minutes from the cold-startup;

e Regulation opportunities to practically
instantly change power generation capacities
between 40% and 100%;

e Part-load operations with very high and
stable efficiency; and

e Capital and operational costs.
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The paper will also address the newly developed
conceptsfor:

e Small capacities of CAES2 plant of
approximately 5 to 15 MW with above
ground storage with new devel opments to
enhance the small capacity CAES plants
economics; and

e New developments related to adiabatic
CAES plants.

The information will be very important for the
power generation community.
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MANAGING THE STATE OF CHARGE OF ENERGY STORAGE
SYSTEMS USED FOR FREQUENCY REGULATION

Matthew Lazarewicz

Beacon Power Corp., Tyngsboro, MA, USA

ABSTRACT

This paper summarizes approaches used by Independent System Operators (1SOs) and Regional Transmission
Organizations (RTOs) in managing the state of charge of energy storage systems used for frequency regulation (an
ancillary service supporting power balance on the grid). Two different approaches have evolved and been tested and
will be summarized. This paper uses commercial field data to show the benefits of fast performance, to highlight
lessons learned, and to suggest how to best use the assetsin the future.

K eywords: frequency regulation, flywheel, policy, state of charge management

INTRODUCTION

Frequency regulation on a power grid is an
ancillary service used to balance power generated and
load to maintain a target frequency, usually 60 or
50Hz. It is also used to manage unscheduled tie
flows for a given balancing area to net at zero within
a 15-minute time period. Deviation from this balance
is caled Area Control Error (ACE). Historicaly,
frequency regulation was provided by generators
whose outputs were regulated to follow the system
operator regulation signal using an automatic
generator control (AGC). Typicaly, the generator
was required to fully respond to the signa in
5 minutes. This response time is significantly slower
than the few seconds a load can change with the
throw of a switch. Existing market rules recognized
generation as the only asset that could provide this
ancillary service. In 2007, the Federal Energy
Regulatory Commission (FERC) issued Order No.
890 mandating market rule changes that would open
competition to other technologies. Energy storage
using a flywheel-based system was proposed to
provide frequency regulation as a low-cost
alternative.

Grid operators considering storage alternatives
for frequency regulation expressed concern that if the
imbalance lasted too long, it might be possible to
either fill or empty all the energy from the storage
device, negatively affecting performance. There was
also the question of whether storage is a generator or
a load. The classification made a big difference

insofar as who could own and operate such a system
in a deregulated environment. It was recognized that
energy storage at times behaved like a generator, and
at others like a load, but neither conventional
generator control nor demand response were adequate
to manage the storage device. It became apparent that
storage resources required their own control
methodology. See Figure 1. The approach taken by
the Independent System Operators (ISOs) and
Regional Transmission Organizations (RTOs) was
that storage should be treated in one of two ways:

(1) Manage the state of charge so as to treat the
device as a generator when nearly fully
charged, and as aload when nearly empty.

(2) Devise away to control the storage system
with an energy-neutral control signal (zero
bias), so that the charge of the system never
gets empty or full.
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Fig. 1. Separate asset classfor energy storage.



In responding to FERC Order No. 890, the 1SOs
developed creative state-of-charge methodologies
using one of those two approaches to ensure the
storage.

Speed Matters

It was recognized that the effectiveness of ACE
correction is actually a function of both the amount of
megawatts (MW) of imbalance and the time it takes
to correct the imbalance. See Figure 2. The amount
of balancing energy delivered by a slow-ramping
generator, shown on the right, is limited by the ramp
rate, but can continue indefinitely. The faster the
ramp rate, the more balancing energy can be
delivered. Independent System Operators-New
England (1SO-NE) recognized this and has used the
approach of dispatching fast assets first, with the
result that they require a lower percentage of average
load than other 1SOs. Energy storage, on the other
hand, has the ability to respond and even reverse
direction much quicker and therefore deliver more
balancing energy, but can be limited in energy. In
addition, dow-ramping resources cannot switch
directions quickly. They sometimes provide
regulation in a direction that is counterproductive to
the needs of the grid and, as a result, actually add to
the ACE, requiring another resource to be dispatched
to counteract it.

b Resource that ramps over the allowshle
Resource that ramps neardy instantaneously "
P response lime of S-minutes

20
15 15
40 Eneryy Delivered: 2
- ¥ 1.67 MWh : nergy Deliverad:
i . 0.83 MWh

0 Nnutes 5 o

Minutes 5

Fig. 2. Fast ramp capability is more effective.

The Frequency Regulation Pilot Program in
ISO-NE shows a comparison of the two
characteristics plus the effect of dispatching the faster
resource first. See Figure 3. The energy delivered by
the storage device is the area under the signal curve.
(The signal and storage response are on top of each
other.) The ramped curve represents a response of a
generator with a 5-minute response. Notice the
significant difference in delivered energy (area under
the curve) between the storage and generator assets.
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Fig. 3. Effectiveness comparison of storage and
conventional generation-based regulation.

ISO/RTO RESPONSE SUMMARY

The paper will describe in detail how the RTOs
approached storage-based systems. Data from the
20-MW plant in Stephentown, NY, will be used to
illustrate New York Independent System Operator
(NYISO) performance. The next plant to be built
will be in Hazle Township, PA, within PIM control.
Status of that plant will be reported.

NYISO/MISO

Both NYISO and Midwest Independent System
Operator (MISO) implemented a four-step process to
accept storage [1]:

Create a new storage asset category called
Limited Energy Storage Resources (LESR)
and allowing resources to supply regulation
only with no requirement to supply energy;
Develop a method to manage the state
of charge in the storage device utilizing a
5-minute energy market;

Modify their dispatch to take advantage of
fast response by treating storage as a “first
responder,” which reduced reliance on
slower-responding units; and

Devise a new net energy settlement for
LESRs (Hourly settlement = (energy in —
energy out) x LBMP).

)

@)

©)

(4)

FERC approved both tariffsin 2009.



ISO-NE

ISO-NE recognized the AGC signal was not
neutral and caused the storage device to either fill or
drain empty. They launched a pilot program to
develop methodology to address this issue. Beacon
Power created an algorithm that modifies the base
point and treats the asset like a generator when near
full, and like a load when near empty. Process forces
state of charge to maintain mid-point energy.

PIM

PJIM took a two-signal approach: a conventional
AGC signal for generators and an energy-neutral fast
ramping signal for storage. This approach was used
with an AES energy storage demonstration in PIM.
PJM is awaiting FERC approval of their tariff.

CAISO

Cdlifornia  Independent System  Operator
(CAISO) tested a split-signal approach (see Figure 4)
using Beacon flywheels in 2006 where the regulation
signal was divided by using a rolling 5 to 10-min
average to control generators and reduce the number
of reversals and ramp rate requirements. The rest of
the imbalance was sent to the storage device. CAISO
has recently submitted their tariff to FERC and is
awaiting approval.

Califomia Indapandent
System Operator

@ CALIFORNIA ISO
ACE “Smoothing”

Regulation
Requirement

mw Flywhesl

[ Regulation _

Expected Benefits for Conventional Regulating Units:
- Lesser regulation procurement is needed

= Reduced number of reversals

- Units to operate closer to their POPs

Fig. 4. CAISO approach to signal split.
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ENERGY STORAGE—A CHEAPER, FASTER, AND CLEANER ALTERNATIVE
TO CONVENTIONAL FREQUENCY REGULATION

JaniceLin and Giovanni Damato

StrateGen Consulting, LLC, 2150 Allston Way, Suite 210, Berkeley, CA, USA

StrateGen Consulting completed the white paper The full white paper and the associated model
Energy Sorage—A Cheaper, Faster, and Cleaner can be downloaded from CESA’s
Alternative to Conventional Frequency Regulation website: http://www.storagealliance.org/work-
for the California Energy Storage Alliance (CESA) to whitepapers.html.
conduct a side-by-side comparison of a natural-gas-
fired combined cycle combustion turbine (CCGT) to Projase Spasifiomtions Fywheel €0GT Baselood
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thorough review of the ways in which conventional
ancillary services are supplied, the utilization of
energy storage for the operational use of frequency
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of the gas-fired combustion turbine to a flywheel
from the perspective of a merchant plant owner. In o -
addition to the financial analysis, the presentation . S
will illustrate the air quality benefits associated with

-
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Fig. 1. Casestudy assumptionsand results.

20.0%
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energy storage. It will also explore why and how

energy storage performs regulation 2.5 times better 0.0%

than conventional plants. Finally, the presentation
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frequency regulation and recommend a clear pathway Fig. 2. Flywheel performance factor effectson
to overcome these hurdles. IRR and emissions.
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Figure 1 gives a general overview of the
comparison’s assumptions and results. Figure 2
illustrates the effects of a flywheel’s performance
factor on Internal Rate of Return (IRR) and emissions.
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NEW YORK STATE ELECTRIC AND GAS AMERICAN RECOVERY
AND REINVESTMENT ACT ADVANCED COMPRESSED AIR ENERGY
STORAGE DEMONSTRATION PLANT — 2011 STATUS

James Rettberg and Dr. Robert B. Schainker?

"New York State Electric & Gas, Binghamton, NY, USA
%Electric Power Research Institute, Palo Alto, CA, USA

This paper will present the current status of the
New York State Electric & Gas (NYSEG) Advanced
Compressed  Air  Energy Storage  (CAES)
Demonstration Plant Project, which is co-funded by the
U.S. Department of Energy’s (DOE's) Smart Grid
Program and is classified as a DOE American
Recovery and Reinvestment Act (ARRA) Regiona
Demonstration project. NYSEG will work with
selected consultants, contractors and vendors to
complete the installation of an advanced CAES plant
sited in Reading, New York, at the southern end of
Seneca Lake, near Watkins Glen, in New York State’s
Finger Lakes region. The plant is to have a capacity in
the range of 130 megawatts (MW) to 210 MW with up
to 10 hours of storage — which is sufficient to provide a
wide range of operational benefits on the NYSEG
power system. As part of the project, a period of two
years of monitoring will be conducted that is
independent of any existing manufacturer/vendor or
utility system monitoring. The CAES plant monitoring
will be configured to quantify both plant operational
and transmission grid system benefits. A secure data
acquisition system will collect, analyze, and
disseminate data regarding sSystem operational
performance from the local plant point of view and
from the New York Independent System Operator
(NYISO) point of view.

The NYSEG advanced CAES plant will use
electricity to compress air into a solution mined salt
cavern air storage system. When electricity is needed,
the high-pressure air is withdrawn, heated via
combustion, and run through an expansion turbine to
drive an electric generator. Compared to a combustion
turbine, such plants burn about one-third the premium
fuel and produce about one-third the carbon dioxide
and other pollutants per kilowatt hour of plant output.

The current status of the NYSEG CAES project
presented in this paper will include an overview of the
project’s management plan, technical architecture and
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engineering services, and economic energy market
analysis services.
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STORAGE SYSTEM WITH THERMAL MANAGEMENT
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Compressed air energy storage (CAES) is a
promising technology for applications at sizes
between utility scale and single-family home.
Because of size-dependent costs and efficiencies in
the expansion turbines, and in the air storage vessels,
the costs do not scale with size from the utility-scale
range (200 to 300 megawatts [MW]). Studies
presented in this report focus on small-scale systems
with thermal management. The small-scale system
constructed is designed to provide 3 hours of
operation at 10 kilowatts (kW) using a novel
expansion turbine that is optimized to deliver high
efficiency at that size. Air storage is conducted above
ground in steel vessels. All components are designed
to be scalable up to 10 MW.

Therma management is practiced whereby the
heat of compression from a three-stage compressor is
recovered and stored, then used to heat up the
compressed air before injection into the expansion
turbine. This is designed to reduce consumption of
natural gas in the expansion turbine. Cost analyses
and optimized combinations of grid and CAES and
combinations of grid, CAES, and single-axis tracking
photovoltaic (PV) scenarios are presented to show the
value of decreasing natural gas consumption in
CAES on the economics of providing suitable energy
production to meet demand on hot summer days in
Tucson, Arizona.
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The paper presents the following studies:

Optimization calculations for resource
mixes of grid and CAES and for grid,
CAES, and single-axis tracking PV to meet
demand load in summer with associated
cost for producing electricity with varying
avoided costs and with different natural gas
consumption.

Optimized design of a small-scale CAES
system with thermal management.
Calculated expected performance results of
using the optimized design with analysis of
cost.

Measured performance of the optimized
systemin agrid-tied scenario and analysis
of the various parts of the CAES system to
determine areas of improvement.


mailto:simmonsj@email.arizona.edu�
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PG&E COMPRESSED AIR ENERGY STORAGE IN CALIFORNIA

Aparna Narang

Pacific Gas & Electric Company, San Francisco, CA, USA

ABSTRACT

The purpose of this presentation is to provide an overview of Pacific Gas and Electric Company’s (PG&E’s)
initiative in evaluating the technical and economic feasibility of compressed air energy storage using porous rock

reservoirsin California

GENERAL

Pacific Gas and Electric Company (PG& E) was
awarded funding from the U.S. Department of
Energy (DOE), the California Energy Commission
(CEC), and the Cdifornia Public Utilities
Commission (CPUC) for the first phase of an
initiative to demonstrate the technical and economic
viability of advanced, underground compressed air
energy storage (CAES) utilizing a porous rock
reservoir. Currently, there are two utility-scale CAES
facilities operating in the world, and both utilize salt
domes for their storage reservoir. Due to the geology
in Caifornia and many other locations in the United
States, such underground storage features are not
available. PG& E’'s CAES project is attempting to be
the first commercial CAES plant to utilize porous
rock formations, such as depleted gas reservoirs for
the air storage.

The work for this initiative began in February
2011 and in its first phase is focused on identification
and testing of potential reservoirs in California,
preliminary engineering design, and economic
analysis of the facility. PG& E proposes to present an
overview of the initiative, including a summary of
planned project activities, criteria associated with
reservoir selection, proposed reservoir testing strategy,
technological  characteristics under evaluation,
proposed system benefits to be evaluated, and
potential project challenges. The information
provided below provides greater detall on the
reservoir selection and testing process.

INITIAL SITE SELECTION

The reservoir identification process includes a
variety of components that influence the selection of
the appropriate reservoir. An overview of the site
selection process will be provided in the poster
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presentation. Since beginning this initiative, PG&E
has evaluated approximately 70 potential sites in
Cdlifornia based on technical, environmental, and
siting criteria. Specific criteria evaluated include
porosity, permeability, size, and  pressure
characteristics of the reservoir. The proximity to
electric and gas transmission and environmental
characteristics are significant factors as well. The
specific metrics utilized in the evaluation process
were re-assessed in the preliminary analysis and are
now as follows:

Technical

e Depleted gas reservoirs

e Original production of 4 BCF to 40 BCF
e Permeability greater than 400 MD

e Porosity greater than 15%

e Pressure between 1000 and 1800 psi

e Sand thickness greater than 20 feet

e Low water production characteristics

Environmental/Siting

e  Surface and below-ground landowner
attributes

e Distance to gas and electric transmission

e Air digtrict requirements

« Proximity to wetlands, flood zones, airports,
and scenic highways

e Presence of sensitive species habitat

e Landuse

Based on these parameters, fewer than 20 sites
remain in the initial site selection process and are
being vetted further before determining a short list of
project sites. The primary goal of the site selection
process of the PG&E CAES project is to select three
sites to move into the reservoir testing phase.



RESERVOIR TESTING PLAN

The reservoir testing plan starts off with the
drilling of two test wells at each of the three short-
listed sites. The core samples will be lab-tested to
verify that the reservoir characteristics match the
screening criteria from the desktop analysis. Based
on the results of the core analyses along with other
selection criteria mentioned earlier, one site will be
selected for compression testing, which will include
establishing an air bubble in the reservoir, followed
by monitoring pressure levels and performing flow
testing.

SYSTEM BENEFITS/ECONOMICS

Evaluation of proposed system benefits will be a
critical activity in identifying the feasibility of CAES
in the California market. Such potential benefits that
will be evaluated during the first phase of the project
include the ability of the potential CAES facility to
provide the following: energy during on-peak
periods, voltage support, area regulation, and electric
supply capacity. Additionally, as part of this analysis,
the economic viability of such afacility in California
will be assessed based on estimated:

e Facility costs derived from the preliminary
engineering design;

e Fixed and variable fuel and non-fuel
operations and maintenance costs, and

¢ Revenue streams associated with the energy,
capacity, and ancillary servicesthisfacility
may provide.

FUTURE WORK

This first phase of the CAES project is
scheduled to take place over approximately 4 years.
Through the remainder of 2011, the project team will
be focused on continued desktop evaluation of the
remaining reservoirs. By the end of 2011, the goal is
to have completed the desktop analysis and selected
the short list of potential project sites. Ongoing
throughout the course of the program is the economic
analysis of the viability of a CAES plant in the
California market.
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In 2012 the major activities include the follow-
ing:

Site control
Preliminary plant engineering design
e Commencement of drilling for core samples

In 2013 the major activities include the follow-
ing:

e Completion of drilling for core samples at
three sites

e  Commencement of compression testing of
one reservoir

In 2014 the major activities include the follow-
ing:

e Completion of compression testing of one
reservoir

e Environmenta studies of selected site

e Cost analysis and detailed engineering
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CHARACTERIZATION AND ASSESSMENT OF
NOVEL BULK STORAGE TECHNOLOGIES
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Paul Gordon,* Nellie Tong,? and Geor gianne Huff?

'Sentech/SRA International, Bethesda, MD, USA
’K EMA Consulting, Fairfax, VA, USA
3Sandia National Laboratories, Al buquerque, NM, USA

ABSTRACT

This paper reports the results of a high-level study to assess the technological readiness and technical and
economic feasibility of 17 novel bulk energy storage technologies. The novel technologies assessed were variations
of either pumped storage hydropower or compressed air energy storage. The report also identifies major
technological gaps and barriers to the commercialization of each technology. Recommendations as to where future
research and development efforts for the various technologies are also provided based on each technology’s
technological readiness and the expected time to commercialization (short, medium, or long term).

K eywords: Pumped storage hydropower, compressed air energy storage

INTRODUCTION

The U.S. Depatment of Energy (DOE)
commissioned this assessment of novel concepts in
large-scale energy storage to aid in future program
planning of its Energy Storage Program. The intent of
the study is to determine if any new but still unproven
bulk energy storage concepts merit government
support to investigate their technical and economic
feasibility or to speed their commercialization. The
study focuses on compressed air energy storage
(CAES) and pumped storage hydropower (PSH). It
identifies relevant applications for bulk storage,
defines the associated technical requirements,
characterizes and assesses the feasibility of the
proposed new concepts to address these requirements,
identifies gaps and barriers, and recommends the type
of government support and research and development
(R&D) needed to accelerate the commercialization of
these technologies.
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BULK STORAGE APPLICATIONS
AND REQUIREMENTS

The study identified six applications suitable for
large-scale (over 100 MW) energy storage:

e Electric Energy Time-shift

e Electric Supply Capacity

e Load Following

e Renewable Energy Time-shift

e Renewable Capacity Firming (15 to 60, 60
to 120 minutes)

e Wind Generation Grid Integration — Long
Duration

The applications technically suited and cost-
effective for bulk energy storage are those with long
discharge duration (on the order of hours), frequent
use, deep discharge depth, response time on the order
of a few minutes, with a minimum cycle life (on the
order of a few thousand cycles). The technical
requirements for these applications were compared to
the novel technologies assessed to determine whether
the technol ogies met the needs of the applications.



TECHNOLOGY CHARACTERIZATION

This report characterizes 17 novel concepts in
PSH and CAES with capacities greater than 100 MW.
In some cases technologies with capacities less than
100 MW are included, given the novelty of the
technology or at the request of DOE. Specifically, two
of the technologies included are currently available
and installed in other countries. Although not novel,
these technologies are included at the request of DOE
because they are not commercialy available in the
United States.

The novel PSH technologies considered here
incorporate designs with different types of reservoirs
(e.g., aquifers, underground salt domes, natural gas
caverns, tanks, or the ocean). Some of the novel
concepts propose alternative paradigms to an upper
and lower reservoir (e.g., in-ground storage pipe and
in-reservoir tube); others are ocean-based (the
Archimedes Screw and the Energy Island).

The innovations in the CAES technologies are in
the storage vessel, storage medium, energy conversion
process, or some other feature of the technology.
Unlike traditiona CAES, many of the nove
technologies do not rely on underground geologic
formations to store compressed air; some
technologies, such as near-isothermal and underwater
CAES, can store compressed air in transportable
vessels or underwater bladders. The liquid air energy
storage technology stores liquid instead of gas, which
provides greater storage density. Other technologies,
such as adiabatic and near-isothermal CAES, are
considered innovative for  their  theoretical
improvement in the efficiency of the energy
converson process. Vehicle compression and
transportable CAES were included for the innovative
way that they contribute to distributed generation.

The following 17 technologies assessed in this
report arelisted in Table 1.

Table 1. PSH and CAES Technologies Assessed.

The characterization of these technologies
includes both business and technical characteristics.
Information for the assessment was obtained through
market research and information provided by
companiesinvolved in PSH and CAES R&D.

TECHNOLOGY ASSESSMENT

The technologies were evaluated using a
modified Delphi process in which five attributes were
considered and given equal weight: (1) technical
feasibility, (2) technica maturity, (3) engineering
feasibility, (4) economic feasibility, and (5) R&D
requirements. Four reviewers assessed each
technology and scored each attribute on a scale of 1 to
10. The total score (5 to 50) determined the expected
development time frame for the technology.

For this assessment, a score between 40 and 50
represents a technology that is expected to
commercialize in the short term (5 years or less).
Similarly, a technology with a score between 25 and
40 is expected to commerciaize in the medium term
(between 5 and 10 years). A technology with a score
lower than 25 is expected to commercialize in the
long term (after 10 or more years). The time frame to
commercialization was also used to determine the
type of government support needed to facilitate the
development of the technology. Table 2 summarizes
the results of the feasibility assessment.

Table 2. Timeto Commercialization and Type of
Government Support for Novel PSH and CAES
Technologies.

PSH Los Angeles
1. Aquifer PSH 9. Adiabatic CAES
2. Archimedes’ Screw 10. Adsorption-enhanced CAES
3. Underground Reservoir 11. Diabatic CAES
4. Energy Island 12. Hydrokinetic Energy
5. In-ground Storage Pipe 13. Liquid Air Energy Storage
6. In-reservoir Tube with 14. Near-isothermal CAES
Bubbles 15. Transportable CAES
7. Ocean PSH 16. Underwater CAES
8. Variable-speed PSH 17. Vehicle Compression

Time to Commercialization
Short Term Medium Term Long Term
(<5 years) (5-10 years) (>10 years)
Type of | « Demonstration | « R&D * R&D
Govern- | « Commerciali- « Demonstrations
ment zation
Support Incentives
PSH * Ocean * Aquifer * In-reservoir
e Variable-speed | < Archimedes Tube with
Screw Bubbles
* Underground
CAES * Near- « Adiabatic * Adsorption-
isothermal « Diabatic enhanced
« Liquid Air « Hydrokinetic
Energy Storage Energy
* Underwater « Transportable
« Vehicle
Compression




In addition to the feasibility assessment, the
technologies were given a technology readiness level
(TRL) as defined by the DOE. The TRLs for the
various PSH and CAES technologies represent the
entire range (0 to 9). Such arange is indicative of the
different levels of support required to reach
commercialization. The general type of support
recommended for each technology depends on its
stage of development and how soon it is expected to
be commercialized.

TECHNOLOGY GAPS, BARRIERS,
AND RECOMMENDED R&D

The assessment and the TRL combined helped to
determine technological gaps and barriers to
commercialization for each of the technologies
studied as well as the recommended focus for future
R&D. As is the case with most novel technologies,
they are in the very early stages of development.
Indeed, because many are till in the pre-pilot phase,
many companies could not provide test data for this
assessment. Additionally, several of the technologies
did not have any technical or cost information
available. Thus, this report includes technological
gaps and barriers and recommends an R&D focus for
each technology to the extent possible given the
limitations in the data and the early stage of
development of the technologies.

In general, PSH and CAES technologies face
many barriers, including

« Limited suitable locations (large bodies of
water or storage space is required),

e Site-gpecific engineering (difficult to mass
produce),

e  Site permitting issues,

e Long deployment time, and

e Beingtoo large for distribution-level
applications.

CONCLUSIONS

This assessment serves as an initia high-level
review of novel technologies. The report characterizes
and assesses the technologies and provides
information on the gaps, barriers, and recommended
R&D focus for each technology based on the level of
information available. A more detailed assessment of
selected individual technologies would be needed to
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determine the extent of the required support, should
DOE decide to pursue further development of any of
these technologies. In genera, a clear commitment
and sustained interest in meeting the nation’s energy
needs with the entire range of possible solutions
would help facilitate the development of these
technologies.

Some of the technologies may seem “futuristic”
or are at early stages of development. Nevertheless,
the range of technologies that were reviewed and the
applications these technologies are trying to meet
reflect an interest in resolving the current and future
challenges facing the U.S. power system. These
technologies, if developed, could help address bulk
storage needs, especially as large amounts of
renewable generation are integrated.
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BIENNIAL INTERNATIONAL CONEFERENCE

EESAT 2o

ELECTR]CAL ENERGY STORAGE APPLICATIONS AND TECHNOLOGIES ‘

SPONSORS

Our sincere “THANKS!” to the companies and organizations that, over the years, have made
EESAT the premier international forum for the discussion and promotion of Electrical Energy
Storage. This year isno exception.

Platinum

Electricity Storage Association

Silver

A123 Systems

East Penn Manufacturing Co., Inc.
Kema

GS Battery, Inc.

NGK Insulators, Ltd.

Bronze

Ashlawn Energy
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Promoting the development and
commercialization of competitive and reliable
energy storage delivery systems for use by

ELECTRICITY STORAGE ASSOCIATION electricity suppliers and their customers.
JOIN THE ELECTRICITY STORAGE ASSOCIATION

TECHNICAL EXPERTISE

Gaining early knowledge of the latest develop-
ments in energy storage, including updates on field
operations and evolving market based applications.
Thought leaders and subject matter experts from
across the industry including utilities, equipment
developers and manufacturers, national laborato-
ries, systems designers, consultants and academia
are driving the evolution of our energy infrastruc-
ture through the implementation of storage.

STRATEGIC ADVOCACY

Utilizing its diverse technical knowledge to advocate
for the advancement of the storage industry by
building durable professional relationships with cut-
ting edge developers, manufacturers and research-
ers in the field of energy storage. Networking with
key representatives from government and industry to
gain insight into energy storage markets and the
strategic direction of key industrial firms.

MEMBER ENGAGEMENT

Shaping an industry through participation in stake-
holder information exchange facilitated by Working
Groups, the ESA Annual Meeting, attending Member's
Only workshops, and other ESA supported industry
events, ESA members are developing content and
literature promoting the benefits and applications of
storage technologies for use throughout the industry.

www.electricitystorage.org

Electricity Storage Association
1155 15th Street NW, Suite 500 | Washington, DC 20005
T: (202)293-0537 | F: (202)530-0659
info@electricitystorage.org | www.electricitystorage.org
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1123 Systems, INc

Energy Solutions Group
155 Flanders Road
Westborough, MA01581
(617) 778-5700

i 0 [ U tione

for Frequency Regulation, Spinning Reserve and Integration of Renewables

A123 Grid Solution performing spinning reserve at AES distribution station, Chile

Learn more at




Introducing the
UltraBattery"

DESIGNED FOR TODAY AND
TOMORROW'S GREEN ENERGY NEEDS?

10536-0147 * Phone: 610-682-6361» Fax: 610-682-4781
't '_‘elll Hntline 610-682- 3263




| Full Implementation

Heading to the Smart Grid? A5
You’ll need a Sherpa. y (‘ &

‘ Int‘egratiﬁ'g' renewables
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Business case |

With over 80 years of energy experience, KEMA has the deep
expertise required to guide you to the Smart Grid — from developing a
business case to full implementation. In fact, our experts have worked
on some of the most complex Smart Grid solutions for top companies
globally. And because our people know the grid, KEMA's solutions

are practical, geared towards optimizing the assets you have now. It's
Smart Grid for the real world.

-
. . | KEMAX
Visit SmartGridSherpa.com for expert guidance
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—RENEV

GS BATTERY (USA) INC.
For more information please
visit us in the exhibit area or
email vincep@gsbattery.com
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NGK’s ceramics technology
stores sunlight and wind energy.

NAS battery systems are megawatt-
scale storage batteries born from
NGK's ceramics technology. Although
wind and solar power are at the
marcy of the weather, NAS batteries
| make a stable supply of renewable
energy possible. They also coniribute
to the reallzatlon of the Smart Grid.

KZ NGK INSULATORS, LTD.

Mizuho, Nagoya 467-8530, Japan www.ngl_co.|p/english
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Controls output for wind& solar energy
Allows efficient sche<>duling of operations
Enhances genercjion, transmission,

& distribution
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Enables dem?:md response
Environmenﬁqlly benign
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