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|. Executive Summary

Electricity storage has always played a major molhe power industry. Human dependence on
energy and the stored energy characteristics gflfasd fissionable fuels for the last century has
grown substantially over the years. This growth inaseased pressure on conventional sources,
and as a result, scientists are developing alt@enaburces of power, which have higher energy
density and longevity and are more economical, cemially viable, andenvironmentally
friendly.

Energy storage systems are enabling technologias éhhance and extend the operating

capabilities of other assets on the electricitggrsince electric power has an inherent weakness
that it must be used precisely when it is produdkdre is a tenuous balance of supply and

demand, and therefore the monetary value of etdigtchanges by the minute. Energy storage

improves the economic efficiency and utilizationtbé entire system, since it absorbs energy
during periods of excess capacity to be releasid, laither to be delivered as real power for

consumer use or as reactive power to support abdize the electric grid.

Energy storage is also the key constraint thatgmsvwidespread adoption and use of solar and
wind markets. The recent increase in investmehtser@ewable energy generation technologies,
such as solar and wind, which have intermittengas&ave caused a need for back-up power
generation and storage technologies. Energy stdeathnologies can ultimately give renewable
energy sources more opportunity for development wea#ill thereby optimize the existing
generation and transmission assets in the market.

In addition, there is a need to develop energynreldygies that are cleaner, lighter, longer-
lasting, and safer, which can be used in a vanéigdustries and products. Energy storage can
be harnessed for portable power, including appdioat for razors, mobile phones, and
computers, and such portable power needs can bevadhwith the use of batteries and
supercapacitors. Furthermore, the shift towardsirenmentally-friendly vehicles is being
promoted by governments in many developing coutii&ybrid electric vehicles (HEVs) and
electric vehicles (EV) batteries reduce the depeog®n gas and are environmentally friendly,
and have applications in passenger cards, mediumlight weight trucks, buses, golf carts,
motorcycles, forklifts, and passenger movers.

The day of bulk power storage is dawning. Its witead adoption will have profound impacts
on the economics of the power industry. The sokkaefits include efficiency, reliability and
carbon reduction. The financial opportunities st&ggering: the total requirement for US bulk
storage over the next 5-10 years has been estimaedetween 10 and 100 Gigawatts,
translating into many billions of dollars worth opportunity and cost savings. Projects once
intermittent such as solar and wind will becomepdishable, and coal and nuclear will be able
to sell excess nighttime power at peak. Flowssipgi and volatility across the North American
grid will transform dramatically as storage is bgbtionline at all points and all scales.
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ll. How is Energy Storage Beneficial for the Electr  ic Grid?

A. The New Power Market

In the 1970s the nation’s electric power industongisted of regulated, vertically-integrated
companies that generated, transmitted, and distéabelectricity under terms established by
Federal and State agendiesThis approach to making and delivering elecp@wer took
advantage of economies of scale that were availab regulated business environment and
possible with the technology of the era. Howevhg 1980s and 1990s brought a series of
legislative acts and technological advances thduaed the value of a vertically-integrated
business structure and the economy of scale oé Jaxgntral power stations. Regulators ratified
rules that increased competition and electric pgweducers began to separate their generation,
transmission, and distribution and customer sereperations into discrete business units.

One likely outcome of this industry restructurisgtihat electricity customers will have a greater
ability to choose their power provider much likdephone account holders now choose their
long-distance service providers. Smaller, distellu power generation and delivery have
increased in value and new companies that provigegy services have emerged to serve the
changing market place. Coupled with the new econamability of smaller distributed power
facilities, technical advances have made new tdolies available to serve distributed power
applications.

B. Benefits

Energy storage technologies are designed to exd@ddenhance the capabilities of existing
assets beyond their original capabilife®Rather than replacing existing equipment, they loa
thought of as being enabling technologies on eddheofive segments of the electricity value
chain—energy source, generation, transmission/vgatdemarketing, distribution, and energy
services (see Figure 1). With efficient energyage technologies, electricity could be easily
stored and converted back to electricity when remgswith peak value of the electricity
covering the cost of storing the power, and in daso, large scale energy storage assets will
reduce market volatility and prices during peak dethperiods. However, there are still cost
economies that must be achieved prior to energpgéoapplications being market-ready.
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Source: Pearl Street, Inc. 2002
Figure 1: The connection of energy storage in thdetric power industry.

C. Supply & Demand

The current energy market must develop and mairmaiantire delivery network that is capable
of meeting the highest peak of the year (often pudew hours per year) in addition to the
everyday baseload neetd<Energy comes in the form of megawatt-hours ofteiteal power that

is transported across the electrical grid netwarklight homes, run computers, and power
factories® However, conditions on the grid are always chaggis the loads turn on and off, and
currently to counter-balance these changes, aslitamp power plants up or down second by
second in order to follow the loads demand continues to expand, storage facilitidsch are
designed to excel in a dynamic environment, cap plerucial role in alleviating this constraiht.
Storage facilities that store power for arbitrage @also maintain the stability of the system and
provide protection for the network in case of awjion.

Since the current power market suffers from una@staenergy storage facilities can remove
some of the uncertainty by providing a scheduleduece. Energy storage facilities could be an
answer to these issues since they are designedvae long-duration discharges of energy and
by providing energy resources on demand. Theypcavide for a means to inject bulk energy to
curtail peak demands on the power facilities amatige power to maintain a stable and working
grid, and thereby can provide relief throughouteleetricity value chain.
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D. Shock Absorbers to the Grid

Energy storage technologies essentially enhanceatienal electric grid’s efficiency, reliability,
and security. The large-scale storage systems provide theyabiliuse low-cost power during
peak demands periods of the day, while reducinghésal for high-cost peaking plants to cycle
on and off and lower the volatility of the wholesaharket (see figures 2 and 3).

Source: Pearl Street, Inc. 2002
Figure 2: Energy storage can supply peak demand p@w for a few hours each day (blue-colored section).

Source: Anthony Price, Regenesys Ltd.
Figure 3: Typical daily profile of energy demand wih inclusion of energy storage capabilities.

Energy storage technology benefits can be integsvinto the daily energy demands by making
use of their charge-discharging abilities. This d@ achieved due to the ability of energy
storage technologies to store energy during ofkp@ae periods and subsequently release it
during on-peak situations (see Figure 4). Sina¥@nis the amount of power delivered over a
period of time, the longer the discharge duratibaray power, the greater the energy that the
storage system must be able to deliveEnergy requirements typically determine the sizthe
system, and consideration must be given to thetedfedischarge depth on the service life of the
system. An energy storage system must be ratethetopower drain does not significantly
reduce its cycle life.
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Source: Energy Storage Council
Figure 4: A weekly schedule showing available stodeenergy to discharge from previous charging.

E. Relation to Renewables

Renewable energy sources, such as wind and saae & few problems, with the primary
problem being that the best potential power gemeratites are often located far from load
centers. Furthermore renewables are non-coincident withesal electricity requirements, since
most of the power that is generated that is adolessy the grid is generated when there is low
demand for it. Thus, renewables, especially wind, suffer fromvdo prices in the wholesale
market due the inability to guarantee delivery IsveAlthough wind’s supply curve does not
follow closely with peak demand, the solar supplyve does follow fairly closely with peak
demand (see Figure 5).

Storage could be used to “firm up” the deliverynomd energy, thereby increasing its value—for
example, moving it from off peak to peak pricingripds. Storage could also be used to
modulate the fluctuations in wind energy and sdibt@ the network. By storing the power
from renewable sources from off-peak and releasinguring on-peak, energy storage can
transform this low value, unscheduled power intbeslable, high-value products. Thus,
renewables could provide the assured capabilityisdatching power into the market and could
also sell capacity into the market through contnuyeservices. The application varies from
storing energy for several hours, to correcting ithbalance between predicted generation and
the supplied generation. This may require high goveut for relatively short periods. The
imbalance may also be positive or negative, suah tthe storage device many need to absorb
energy to correct an imbalance as well as dischangeyy.
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Source: Electric Reliability Council of Texas (ERD@nd State Energy Conversation Office (SECO)
Figure 5: The solar supply curve (yellow) follows rare closely to the load (dashed) than that of wintblue).
Thus, energy storage technologies can provide anf-gfeak storage and in-peak discharge capability. Ae
given profiles are for wind and solar generation irthe month of July in Pecos, Texas.

F. Benefits

There are many benefits to energy storage techieslagcluding the ability of energy storage
facilities to increases the system-wide ability to:

Dampen Volatility: By providing power during shages and absorbing power during times
of excess, price and physical availability swingh eiminish.

Improved Safeguards: Readily available energy dtdneoughout the system will prevent
disruptive events from spreading and affectingethigre grid.

Defer Transmission Expansion: Relieving congestod providing a ‘ride-through’ form
pre-positioned energy sources for bottlenecks.

Renewables: Integrate renewable resources by pngvetispatching.
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lll. What Is Energy Storage?

A. Characteristics

Energy storage technologies are designed to prdeitg-duration discharges of energy. The
power from renewable energy sources off-peak camprbeuced and subsequently released
during on-peak periods, thereby transforming low®aunscheduled power into schedulable,
high-value products. However, there are two mel@ilenges that must be overcome:

First, many of the potential power generation siggs located far from transmission
facilities. Although the cost of connecting thesies to the transmission system will delay
these resources from being tied into the local fich long time, it leaves the possibility for
off-grid applications.

The second challenge is the timing of resourcedf itkie to the fact that renewable energy
sources are intermittent or vary in intensity tlgbout the day, with much of the potential for
generated power not coincident with the peak demand

No energy storage technology (please refer to @ectilll. Energy Storage Terminology for
clarification) is suitable for all applications.aéh technology stores energy in a different form,
giving it inherent properties that tailor it for @rrole rather than another. Energy storage
technologies for each application are ranked bawsedhe major issues, such as real power
capacity, reactive power capacity, discharge emsareaction time, and systems footprint.

B. Large Scale and Small Scale Energy Storage

Energy storage technologies that applicable tavihglesale electric power market for renewable
and distributed energy systems herein are termege lacale energy storage. Other energy
storage applications with growth potential includgh energy and power density batteries for
vehicles and energy storage for consumer and geré&dctronics, are herein termed small scale
energy storage.

Large scale storage systems enable coupling ofvadrle energy, such as wind and solar, to
minimize the total cost of power delivered by stgrthe power from renewables during off-peak
periods and releasing it at on-peak times coindiadéth periods of peak consumer demand.
Investment in large scale energy storage can iserdee efficiency of conventional power plants
as well as offset investments in replacing or dgwelg new conventional peak production
capacity.

Small scale storage systems can be used for tempaplications and temporary energy bursts,
such as for cellular phones, portable computensicoaders, and cordless power tools. Until

recently, portable devices only contained primagttdries, but the development of small

secondary batteries with high energy and power diesged the market and now primary

batteries&are used in low power applications amorsgary batteries are used when high current
is needed.
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V. What are the Large Scale Storage Technologies?

A. Pumped-Hydroelectric Storage

Pumped-hydroelectric storage is the oldest ancefdrgf all commercially available large scale
energy storage technologies, and it consists afgelreservoir located at a low elevation level
and another reservoir located at higher elevatimell(see Figure 6). In this energy storage
method, during off-peak hours, water is pumped fthm lower to upper reservoir where it is
stored, and during peak hours, water is releasel tmathe lower reservoir by passing through
hydraulic turbines to generate electrical powegpidal plant sizes are 250 MW to 2000 MW,
with 4 or more hours of discharge capability.

Source: Tokyo Electric Power Company
Figure 6: The daily operation of a pumped -hydroeletric facility.

Because of the relatively low energy density of path storage systems, in order to store a
significant amount of energy, there needs to kergel body of water located nearby on a hill as
high as possible, and a second body of water. Ror reason, the existence of pumped-
hydroelectric storage depends critically on geolgyapnd the capital cost of building man-made
bodies of water. A potential solution is the useiederground reservoirs as lower dams has been
investigated, and this possibility could open upensites that are suitable for the technology.

KEMA, a Netherlands-based energy consultancy has loe partnership with civil engineering
firm Bureau Lievense to develop the “Energy Islandhcept to store power generated from an
offshore wind farm. The Energy Island designedKiiyMA, Lievense and the Das brothers
incorporates a new concept in pumped hydro storadgch is an inverse offshore pump
accumulation station (IOPAC). On the Energy Islarén there is a surplus of wind energy, the
excess energy is used to pump sea water out ofintieeior “subsurface-lake” into the
surrounding sea (see Figure 7). When there is dagf®of wind power, sea water is allowed to
flow back into the interior “lake” through commeally available generators to produce energy.
The IOPAC is unigue from conventional pumped hydtorage systems in that it would be
stationed on an artificial island off the Dutch sba the North Sea and comprised of a ring of
dikes surrounding a 50 meter deep reservoir.
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Source: Tokyo Electric Power Company
Figure 7: The “Energy Island” concept is a method benergy storage that implements an offshore windafm.

KEMA analysis estimates that the proposed Enerdgnds storage system would have a
maximum generation capacity of 1,500 MW, depenadinghe water level. It also would have an
annual storage capacity of more than 20 GWh—en@ungingy to offset 500 to 840 kilotons of
CO, emissions. In the next phase of the feasibiliydgtunderway KEMA is further analyzing
the costs and benefits of additional regulatingmes, download wind power, G@eduction, and
environmental impact. Utilizing stored energy caglphreduce the overall amount of €O
emissions associated with electricity producticspegially when combined with wind or other
renewable energy resources.

B. Thermal

Thermal technologies are not generally thought ©fbaing high-technology energy storage
products, but are in wide usayélhermal energy storage refers to two possiblmgpiice-based
and molten-salt based systems. Ice-based systeamgsad for peak shaving commercial and
industrial cooling load3. They create ice during off-peak hours, whichssdiduring the day to
supplement the cooling load for large commercialdmgs, allowing for smaller chillers and
substantially lower air conditioning operating cgtarticularly during peak demand charges.

In a molten salt for energy storage system, theaendalt is pumped through a tower, where it is
heated by the sun's rays (see Figuré 8he salt is then stored in insulated containetd i is
needed. It is then used to convert water intonstéat drives turbines that generate electricity.
Molten salt thermal systems are still in the depelent phase but they could potentially extend
the ability of solar and other renewable energyueses to continue operating past the peak
period of the sun’s daylight houts.
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Source: United Technologies Corporation
Figure 8: Molten salt can store the sun’s heat sd ¢an be converted to electricity even when it's nsunny.

C. Compressed Air Energy Storage (CAES)

Compressed air energy storage systems use offjgueadr to pressurize air into an underground
reservoir, which is then released during peak dagtihours to power a turbine or generator for
power productiori. The idea behind this technology is to substitb&elow-cost power from an
off-peak baseload facility for the more expensias urbine-produced power to compress the air
for combustion.

CAES uses an electrically driven compressor toesfessurized air in an underground salt
cavern, or steel vessels. Although compresseldaailonger lifetime of pressure vessels and has
lower toxicity of materials used compared to baterdevelopment of advanced pressure vessels
and safety-testing them is expensive. The energybearecovered by passing the air through an
air turbine, but it is more usual to use the aith@ combustion chamber of a gas turbine. This
avoids using the compressor, and so consideraliipreres the performance of the turbine.
Since CAES facilities have no need for air compressied to the turbines, they can produce
two to three times as much power as conventionsltgebines for the same amount of fuel.
Although there is an energy storage componens d@ften convenient to associate CAES as a
high performance peaking plant.
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Source: University of Oregon
Figure 9: Compression of air can later be used asanergy source, and at utility scale, it can be ated
during peak periods of low energy demand for use imeeting periods of higher demand.
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V. What are the Small Scale Storage Technologies?

A. Battery

Electrochemical devices are widely used in smalliagtions, such as for uninterruptible power
systems, and small off grid systems because theg faest response times and have high ramp
up rates such that they can absorb. Electrochenhiatieries are storage media in which
electrochemical reactions enable storage of etedtenergy and release of that energy on
demand. In general, electrical energy introduced into elactrochemical battery causes
reactions that make one electrode lose electrodstlan other electrode gain electrons. The
potential energy is stored in the charged elecsad® they release it when they return to the
uncharged states. Because these electrochemarlomres are not perfectly efficient, some of
the energy lost is in both charging and dischargimgbattery. Each battery technology has its
own unique set of electrochemical reactions, malerand electrical characteristics, which leads
to diverse battery types and uses.

A battery has all of its chemicals stored insideaagell, and it converts those chemicals into
electricity via electrochemical reactions occurriagits electrodes (see Figure 10). If such
reactions cannot be reversed it is a primary battiéthe reactions can be reversed, then the
battery can be recharged and it is called a secprmdtery. Primary batteries represent about
80% of the total number of batteries sold. Thdwamtages are no maintenance, availability in a
large number of sizes, good shelf-life, high safetel, and reliability’

Source: Florida State University
Figure 10: The cross-section of a Lithium-ion battey.
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Conventional, graphite-based, lithium ion batteass most commonly used in small electronics,
such as cell phones and portable computers, whgheemergy and light weight are important.
These same attributes are desired for electriccleshinybrid electric vehicle, power tool and
uninterruptible power supply markets. However sthapplications are principally high power
demand applications and/or pose other demandsageusuch as extremes of temperature, need
for short recharge times, high proportional to etbrenergy current rates and even longer
extended lifetimes. In addition, current lithiuomitechnology is capable of about 300 to 400
cycles and has a life of about 3 years, whereageheles in which they are used have lifetimes
as long as 10 to 15 years and require many hundegda thousands, of charge/discharge cycles.

B. Ultracapacitors

Ultracapacitors are known under a variety of narnmesuding electrochemical capacitors,
supercapacitors, and double-layer capacitofhey are an emerging capacitor technology that
can be thought of being part battery and part dagpaand resemble batteries because the charge
is stored by ions and resemble capacitors becansgh@mical reaction is involved in energy
delivery. However, under certain conditions, ahlfeseduocapacitance, chemical reactions do
occur within the capacitor and serve to increasectpacitor’'s energy density.

As the power demand of modern portable electrobesome more pressing, the need for
separating the energy source from the power schamsebeen considerdd.An ideal scenario
would be using a capacitor to take care of curpeides, while a battery would handle ordinary
current levels and recharge the discharged capacitoaditional capacitors have been used in
electronic circuits, but their drawback is that #heergy contained in their power pulses is too
low for many applications, and they can deliver pown a very short time on the order of
milliseconds. However, an ultracapacitor can bridge energy gap between batteries and
conventional capacitors, and they can deliver pevierexcess of 1000 W/kg, and thereby can
satisfy the needs of demanding portable devices.

An ultracapacitor stores energy by charge separati@ polarizing an electrolytic solution to
store energy electrostaticaflylt can completely absorb and release chargegatraites and in a
virtually endless cycle with little degradation,dait has the ability to release quick jolts of
electricity with power bursts and with stop-stacteleration. Though it is an electrochemical
device, no chemical reactions are involved in fiergy storage mechanism. This mechanism is
highly reversible, and allows the ultracapacitor i@ charged and discharged hundreds of
thousands of times. An ultracapacitor in consedanuch like that of a battery, with a positive
and a negative electrode, and electrolytic solytom a separator (see Figure 11).
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Source: National Renewable Energy Laboratory
Figure 11: An ultracapacitor can be viewed as two onreactive porous plates, or collectors, suspendadthin
an electrolyte, with a voltage potential applied awss the collectors.

Once the ultracapacitor is charged and energy&t@doad (the vehicle’s motor) can use this
energy. The amount of energy stored is very large compswea standard capacitor because of
the enormous surface area created by the poroumrcaglectrodes and the small charge
separation (10 angstroms) created by the dielestparator. However, it stores a much smaller
amount of energy than does a battery. Since thes @t charge and discharge are determined
solely by its physical properties, the ultracapacitan release energy much faster (with more
power) than a battery that relies on slow chenmeattions.

Many applications can benefit from ultracapacitavbether they require short power pulses or
low-power support of critical memory systefnBltracapacitors can be primary energy devices
for power assist during acceleration and hill clingp as well as for recovery of braking energy.

It can also extend the life of a battery, save eplacement and maintenance costs, and enable a
battery to be downsized. At the same time, it cammelase available energy by providing high
peak power whenever necessary. The use of ultaataps for regenerative braking can greatly
improve fuel efficiency under stop-and-go urbanvidg conditions. Although ultracapacitors
have diségadvantages of extremely high and dangdd@usoltage, they have several advantages,
including’:

Fast charging

No need for charge control

Extremely long cycle life

Cycling efficiencies greater than 95%

Good power density

High power

No maintenance

Wider temperature range than that of batteries

Limited heat dissipation because of the low enegyent

Can be combined with rechargeable batteries forithygpplications
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C. Flywheel

A flywheel is a cylinder that spins at a very higppeed, thereby storing energy in the system as
kinetic energy (see Figure 12)The faster the flywheel spins, the more energgtiins, and this
energy can be drawn off as needed by slowing thehitel. A flywheel can be used to store
energy by combining it with a device that operatiiser as an electric motor that accelerates the
flywheel to store energy or as a generator thadysres electricity from the energy stored in the
flywheel.

Source: University of Prince Edward Island
Figure 12: A cross-sectional diagram of a flywheekhowing the center cylinder that is rotated at hig speeds.

The flywheel can releases energy by reversing Haging process and using the motor as a
generator, and as it releases its stored ener@y,rdtor slows until it is fully discharged.
Flywheels are able to charge and discharge rapalhyg are little affected by temperature
fluctuations. They take up relatively little spad®ve lower maintenance requirements than
batteries, and have a long life span. Flywheelsadse relatively tolerant of abuse, and the
lifetime of a flywheel system will not be shortenbgl a deep discharge. Additionally, like
electrochemical batteries, flywheels must be pdradully integrated system that includes
sophisticated solid-state power conversion devigasjitors, controls, climate controls, utility
and user equipment, safety devices, and transort@atures.

The newest designs use magnetic levitation to dserdriction even further. A flywheel is
attached to a motor/generator that adds power aedyg to the flywheel by speeding it up and
taps power from the flywheel by generating elettirievhen needed which slows the wheel
down. Flywheels are very responsive and able liwetevery high power pulses so are ideal for
conditioning spikes and dips in power from poweanpd and renewable resources. Also
flywheels are able to supply peak power to devibes need brief very high power to do their
work.

Flywheel systems are widely used in uninterruptgmaver systems since they are low cost, have
low operating costs, high reliability and are cdpadf delivering high power. They have high
speeds of response, high ramp rates and good ldgtiene. The typical size of a flywheel is
about 50 kW to 200 kW, which can be discharged @geriod of 5 to 20 minutes or more.
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Steel rotor flywheels use the mass of the rotoadhieve high momentum necessary to store
enough energy for electric power applications, tardhis reason, steel rotor flywheels will be
most useful when they serve applications that atleewrotor size to stay small. They can then be
used with other technologies, such as electroctaramiteries, to increase the energy capacity
of the system.

Integration of the aforementioned technologies iatdlywheel is well suited for urban bus
applications due to the traditional bus route cysldnich contain large amounts of deceleration
and acceleration for potential energy recovery r@adsage. In addition, buses have high public
visibility, providing an attractive platform for denstrating safe and effective implementation
of alternative energy technologies.

D. Superconducting Magnetic Energy Storage (SMES)

SMES is an emerging technology that stores eneepted by the flow of direct current in a coil
of cryogenically cooled, superconducting mate€tiEMES devices use the property of a
superconducting material to support a moving currerefinitely as there are no resistive losses.
A suitably shaped coil can be charged with eleat®nergy and the energy withdrawn at a later
time.

SMES are highly efficient at storing electricity giteater than 95% efficiency and can provide
both real and reactive power. In addition, povgeavailable almost instantaneously and very
high power output is provided for a brief period whe. A SMES system includes a
superconducting coil, a power conditioning system, cryogenic refrigerator, and
cryostat/vacuum vessel to keep the coil at thetlwperature required to maintain the coil in a
superconducting coil, a power conditioning systeamd a cryogenic refrigerator, and
cryostat/vacuum vessel to keep the coil at thetlwperature required to maintain the coil in a
superconducting state.
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VIl. What is the Market Opportunity?

The world is run on energy storage technologies+ddhing the batteries, capacitors, and other
devices that play a hidden, vital role in the egeegonomy—in powering the mobile phones
carried by 3.3 billion people to the half a millicnybrid electric vehicles sold last year. The
energy storage market is fragmented because irg@veast range of technologies that play into
multiple market segments. However, the expectasidor the market to grown by 55% over the
next five years, due to the following reastins

The transportation energy storage market is exddotgrow from $12.9 billion last year to
$19.9 billion in 2012, principally driven by liglelectric vehicle shipments rising from about
500,000 to nearly three million as new plug-in hgtand pure electric vehicles emerge.

Bulk energy storage for utilities—shifting large @ammts of energy from excess production
times to peak usage times—presents the biggestt@dtepportunity of all markets studied:
If even 10% of installed wind power plants adopkege-scale energy storage, the market
would hit $50 billion.

After conquering the consumer electronics mark#tiuim-ion batteries could make similar
inroads in the portable and transportation markefsirg from $6.8 billion in 2007 sales to
$16.9 billion in 2012.

Financing activities have swelled in energy stor&f#7 saw the greatest level of venture
capital spending to date and a resurgence of IE®gected IPOs from companies like
A123Systems will drive venture capital, M&A, andORactivity further upward in the next
two years.

The three energy storage application markets tiaw $he most potential for significant growth
in the near to midterm are high energy and powesitle batteries for vehicles, energy storage
for consumer and portable electronics, and enetgyage technologies for renewable and
distributed energy systems. Significant investments into private companieat ttan develop
cheaper, more powerful, efficient and cleaner enatgrage technologies could be attractive
targets for acquisition by large incumbents thahtw@a hedge their technology risk, leverage
their existing infrastructure and access new market
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VIII. Energy Storage in Automotive Applications

A. Background

Battery technology can be used in EVs (Electricivlels) and HEVs (Hybrid Electric Vehicles)
including applications of passenger cars, mediuchlgght weight trucks, buses, and other fleet
vehicles such as golf cars, airport carriers, moytles, forklifts, and passenger mov&rsdajor
automotive manufacturers started to focus their R&@rts on battery technology in the late
1990s. Initially, lead acid batteries were wideled for EVs and HEVs. However, extensive
R&D into battery technologies has created a shiftard nickel metal hydride technology and
recently toward lithium-ion chemistry. One of thajor restraints in the HEV and EV battery
market is in the high battery cost that eventuallyreases the cost of the vehicle. The main
factors that contribute to increasing battery cast high raw materials prices, markup by
original equipment manufacturers (OEMSs), substantiial investment, and lag in earning
returns of investment$.

Nickel metal hydride (NiMH) is the most widely usdshttery chemistry in EV and HEV
applications. This uses nickel oxide as the pasigectrode and a hydride as the negative
electrode, with an aqueous alkaline as an elet&oly caters to the needs of EVs and HEVs
effectively. Although lithium-ion battery chemistris also being used in EV and HEV
applications, nickel metal hydride ensures saferafidble operation.

B. Challenges

Some of the major challenges are due to initialegtments, including battery cost, and

improving technology to meet the end-user requirgmeBattery cost plays a significant role in

raising the price of vehicles and hence has todsressed immediately to stimulate demand.
Moreover, there are technical design challengesh si$ energy density, size, and weight that
must be assessed and evaluated against with tfadéafditional include:

1.) Developing the most suitable battery chemistry

Since HEVs are partially dependent on batteriesEigl are completely dependent on batteries,
then developing an efficient battery becomes a majallenge that influences the market. The
weight of the batteries, along with security issaagsed by the liquid electrolyte, considerably
affects the performance of these vehicles. NiMHtdrss have the advantage of being
lightweight, offering more energy density, and eefgperformance which has enabled them to
essentially replace lead acid batteries. Howevdrpagh HEVs and EVs with NiMH batteries
offer better performance, they cannot be comparighd eonventional vehicles, and the security
concerns of the liquid electrolyte necessitatestéeb chemistry. Lithium-ion batteries are in the
testing and trial process, and also being commieethby some manufacturers since they offer
better performance and more energy density compaitdNiMH batteries.
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2.) Safety Factors in Using These Vehicles

There are inherent safety concerns with using céieies inside of batteries. For instance, every
battery chemistry has an operating temperature ealvavich the battery is likely to melt or
explode. Additionally, at increasing speeds andadise, as the temperature within the vehicle
increases, there is a greater likelihood for safetyes due to reactions at high temperatures.
Moreover, lithium-ion batteries are liable to exgpdm under certain conditions of stress.

3.) Requirement for Extensive Initial Investment

Few manufacturers can meet the need for high dapiastment and for technical expertise for

cost-effective battery manufacturing. Furthermaleays in production processes can affect the
number of batteries being manufactured. Overadl,géstation period for return on investments
in this market is long, which deters many partiofgarom entering the battery market.

C. Forecasts and Trends

The demand for automotive applications is expetdezkperience tremendous growth during the
years ahead. Rising gasoline prices along with igouent regulations and promotion plans
favor the rise in demand for HEVs and EVs. The etgx growth in the HEV and EV battery

market can be further analyzed by investigatingfdélewing aspects:

1.) Government Regulations and Promotional Activiti es

Governments in different developed countries sictha United States and the United Kingdom
have developed incentives to enhance the shift tonventional vehicles to HEVs and EVs. In

the United States, tax incentives are from bothféderal and state governments. Additionally,

in some countries, such as the United Kingdom, idgbare offered free parking space. These
initiatives taken by governments will help to enage HEV and EV usage.

2.) Demand Analysis

HEVs require lesser investments from automobile ufasturers compared with EVs and HEVs
only partially depend on batteries with a perforo®similar to conventional vehicles. In 2006,
HEV batteries contributed 90.7 percent and EVs rdmuted 9.3 percent of the total EV and
HEV battery market revend®.North American revenues also reflect a greatendamn HEVs,
since the revenue generated by the HEV battery ehakceeds that of the EV battery market.
The electric vehicle market in North America is esfed to grow at a compound annual growth
rate of 14.9 percent until 2013.

In Europe, EVs are already being utilized in fleehicles in airports, golf carts, and other
neighborhood vehicles, and there is a shift towdds in public transportation vehicles.
Although the contribution of EVs compared with HEMsmore in Europe, the total HEV and
EV battery market is expected to experience sigaifi growth in the European region in the
years ahead.
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IX. What are the Economic and Public Policy Implica  tions?

A. Value to Consumers
Energy storage technologies are emerging techredagihose values to customers are:

Improving the security and assurance of our domestiergy infrastructure by providing
voltage regulation, frequency control, and emergguwer.

Minimizing operating and maintenance costs andnaiptng assets by reducing the cycling
and dispatch of large fossil units meant for baasglo

Enhancing renewables’ value by transforming loashal®d curves into scheduled power.

Raising the productivity of existing transmissicssets and deferring the transmission assets
by postponing the need for new transmission assets.

Arbitrage low-cost power into higher cost regioyssboring and moving low-cost power into
higher price markets, thereby reducing peak powiee$.

B. Public Policy
Energy storage technologies will be instrumentaheeting the following public policy goals

Modernize Conservation: By providing new electyicgiroducts to the market, fossil and
nuclear assets will be reduced.

Modernize Infrastructure: Energy storage will heffjodernize the nation’s electric power
infrastructure by enhancing its efficiency, religlpj and security. By operating assets in a
more systematic and enhanced role, private seictos fvill invest to upgrade the system.

Increase energy supply: First, by increasing tHeiecy of existing power plants, our
existing resources will go further. Secondly, sgarawill promote renewable energy use,
thereby adding domestic resources to the fuel sourc

Protect the Environment: Storage facilities willlfheeduce the environmental impact of
existing power facilities and more quickly and e#ntly integrate renewables, thereby
producing less waste and reduce dispatch and gyctiats.

Security: Energy storage facilities enhance thabdity of the grid. Reservoirs of energy
stored at dispersed sites are less vulnerablestaption, and can be called up at a moments
notice to: reduce volatility, enhance the reseragim, and provide the necessary ancillary
services critical to the proper workings of thensmission and distribution system.
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X. How is the Central Texas Region Involved?

A. University of Texas at Austin

The University of Texas has an active researchrarmagn basic and applied research towards
energy storage applications. Its well-known CefdeElectrochemistry is at the forefront of the
fundamental science and engineering research snfigid of study. Several research groups in
the University of Texas Departments of MechanicalgiBeering, Chemical Engineering,
Chemistry, Electrical and Computer Engineering, &materials Science & Engineering are
actively involved in research programs that seelddress the technical challenges of energy
storage technologies.

Moreover, the Center for Electromechanics has aweaflywheel development program. The
University of Texas at Austin Center for Electromacics has done research and development
on a low cost flywheel energy storage system fertdrget application of a fuel cell powered
transit bus (see Figure 13). This prototype offers high reliability and cyclée without
degradation, reduced ambient temperature concants,construction free of environmentally
harmful materials. In 2005, the Center for Electechanics developed and tested a high speed
composite flywheel for their Advanced Technologwfsit Bus that used magnetic bearings, an
all composite flywheel, a large gimbal, steel refand rolling element ball bearings to reduce
cost and complexity. Integration of the aforememgi technologies into a flywheel is well
suited for urban bus applications due to the ti@dltl bus route cycles which contain large
amounts of deceleration and acceleration for p@tleshergy recovery and re-usage.

Source: University of Texas at Austin
Figure 13: The fuel cell shuttle bus, which contais a flywheel inside, emits just water vapor out ats tail

pipe.
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B. ActaCell

ActaCell, Inc. is an Austin-based technology start-commercializing lithium-ion battery
technology developed in Professor Arumugam MantiisaMaterial Science and Engineering
lab at The University of Texas at Austin. Thiswnéechnology is focused on delivering
substantially longer cycle life at low cost whilaimtaining safety as the number one priority.

C. Active Power

Active Power manufactures a steel flywheel calleel €leanSource Flywhekl.This 7000-rpm
fhywheel when connected to a power conversion sysievides 400 kW of DC power for 5
seconds, but varied combinations of power and digghduration are possible with the same
rotor. Also, two or more rotors can be combinedéove loads up to 800 kW or more. Active
Power plans to market its products in power qualitgl battery extension applications.

D. EEStor

EEStor is a company located in Cedar Park, Texaishi#s developed a capacitor for electricity
storage called the “Electrical Energy Storage UrfEE£SU). These units are claimed to achieve
an energy density of 1.0 MJ/kg, of which a ten rtencharge would give the capacitor the ability
to drive a small car weighing less than 100 podad200 miled™. It is estimated that an EESU-
powered vehicle could travel 500 miles with $9 vkaot electricity versus $60 worth of gasoline
for a combustion-engine car. The EESUs are a derbattery that is claimed to provide ten
times the energy density of lead acid batteriesna-tenth the weight and volume and at cost
half of traditional batteries on a price per stoveatt-hour basis? In other words, it would be
able to give an exceptionally high amount of eneimya given unit of mass. However,
standard charging times this short would requingpse-built high capacity dispensing stations.

D. Xtreme Power Solutions

Xtreme Power Solutions is a manufacturer of poweatesns from the small sized generator
replacement, through large scale Megawatt loadlifeyeand power storage applications.
Xtreme Power’s is located in Kyle, Texas.

E. Valence Technologies

Valence is a manufacturer of high performance, -effsctive, and long-life battery system
products. Valence has an extensive, internatipatdnt portfolio of issued and pending lithium
phosphate patents.
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XI. Who Else is Working on Energy Storage?

A. National Laboratories

1.) National Renewable Energy Laboratory (NREL)

NREL has initiated the Energy Storage Research @Redelopment effort to research and
improve advanced batteries and ultracapacitors afowide range of vehicle applications,
including HEVs, PHEVs, battery electric vehicles/&}, and fuel cell vehicles (FCVs). These
efforts will involve benchmark testing, technologgsessment, and full system development,
which will comprise research and development intdtiple technologies (see Figure 14). It
will seek to overcome technical barriers associatéth commercialization, including cost,
performance, abuse tolerance, and target life.

Figure 14: NREL'’s battery research investigates se&val technologies towards achieving systems integran.

2.) Sandia National Laboratories

The Energy Storage Systems (ESS) Research Programanmaged through Sandia National
Laboratories and seeks to develop advanced endoygge technologies and systems, in
collaboration with industry, to increase the relih performance and competitiveness of
electric generation, transmission and use in wtiied and off-grid systemS. The ESS has
contributed $9.6 million in for the design and depenent, operation, and monitoring of three
commercial electric energy storage devices thatdesnonstrate cost benefits for electric energy
consumers. Upon completion, these three projedtsnark a major milestone in demonstrating
that energy storage can be an important componensiable and effective electricity grid:

Installation of a 2MW, 2MWh zinc-bromine battery smpply extra power to overcome
overload conditions at a PG&E substation. The llstan will be mobile so that it can be
deployed wherever the most serious peaking loadsroc

Providing a supercapacitor device to a 950 kW vtintine in Palmdale, CA, Water District,

which will provide the ability to ride through aagtl loads during power outages until
emergency generation can be brought on-line. Wilisminimize the impact of variable
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winds and will provide reliable energy for the gtml reduce transmission and distribution
congestion in the area.

Deployment of a flywheel system on the San FraoncktINI rail system to recover energy
currently lost in braking trains. The flywheel syt will store energy when a train comes to
a stop and will return it to the tracks when thartraccelerates out of the station leading to a
20% reduction in energy purchases for the suppaoréed.

B. Startups

1.) A123 Systems

A123 is a developer of high-power lithium ion bate that use a patented technology to deliver
desirable levels of power, safety, and life. Thaioprietary technology is built on a highly,
active nanoscale material that was developed aMtmEsachusetts Institute of Technology, and
they have raised more than $100 million in priviateing.

2.) Altair Nanotechnologies

Altair is a manufacturer of nanomaterials for powed energy systems, based on nano-Titanate
battery products and lithium ion battery electranigerials. They have received a $2.5 million
grant from the U.S. Department of Energy to funskeech programs for battery technology and
nanomaterials characterization including optim@atof anode and cathode materials for high
power, safe, fast charge batteries and prototyjbéesting.

3.) Maxwell Technologies

Maxwell Technologies specializes in energy storagel power delivery solutions. Their
ultracapacitor cells, multi-cell modules, and bgtkpower systems are used for consumer,
industrial electronics, transportation, and telesamications applications.

4) Nanoexa

Nanoexa is a San Francisco based clean energy ogrfgiaused on bringing innovative clean
energy storage products to market. With a rapitesys-level approach to commercialization,
Nanoexa is has assembled an extensive IP portiniimlly focused on next generation lithium
ion batteries. In 2006, Nanoexa acquired a comugplhterest in Decktron, a publicly traded
South Korean global manufacturing company.

5) SB LiMotive

SB LiMotive is a recent joint-venture between Sangsand Bosch, who each own 50% of the
company. The two companies plan to invest up tbillibn in the next 5 years. SB LiMotive,
once in operation, will focus on producing lithiuaon batteries and systems for HEVs, PHEVs
and EVs. It will start batteries production in 20a0d battery pack production in 2011.
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XIl. Conclusion

Energy storage can play a flexible, multi-functicole in the electricity supply network to
manage resources effectively. In combination wéhewable resources, energy storage can
increase the value of photovoltaic systems and \gewerated electricity, by matching supply
with periods of peak consumer demand. Energy géocan facilitate large-scale integration of
intermittent renewable energy resources such ad ama solar onto the electric grid, and they
complement renewable resources with flexibility amdnimal environmental impact. In
addition, large-scale storage systems will provlee ability to use low-cost power during peak
demands of the day—reducing the need for high-pesking plants to cycle on and off and
lowering the volatility of the wholesale market.

Bulk power storage is gaining in widespread adaptiae to its benefits in efficiency, reliability
and carbon reduction. Since the total requirementJiS. bulk storage over the next 5-10 years
is estimated at between 10 and 100 Gigawatts, theremany billions of dollars worth of
opportunity and cost savings. Projects that wereedntermittent such as solar and wind will
become dispatchable, and coal and nuclear willdle t sell excess nighttime power at peak.
Flows, pricing and volatility across the North Ancan grid will transform dramatically as
storage is brought online at all points and alllesxaBy supplying power when and where
needed, energy storage will create a far more nssp® market, and will:

Reduce the need for additional transmission assets

Be the preferred supplier of ancillary services

Provide better integration of renewables into tystem

Support more efficient use of existing assets

Improve the reliability of electricity supply

Increase the efficiency of existing power plant srashsmission facilities
Reduce the investment required for new facilities

The current power market suffers from uncertairitige regulatory framework is incomplete,
obvious market leaders have fallen, and the winrboginess models are still not defined.
Energy storage can help by improving the econorfficiency and utilization of the existing
system, not by replacing it. By optimizing the ¢xig assets in the market and creating more
opportunities, increased private industry investmeh move into the market prompting greater
competition and lower prices.

Furthermore, energy storage technologies can beebsed for portable power applications.
Additionally, HEVs and EVs batteries reduce the etefence on gas and are environmentally
friendly. Overall, there are numerous benefitsjuding efficiency, reliability, carbon reduction,
and financial opportunities.
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XIIl. Energy Storage Terminology

Cycle: A single process of discharge and chargesacondary battery.

Cycle Life: The number of full calculable cyclestla secondary battery can go through before
failure; a “full cycle” refers to a complete diseba and recharge.

Discharge: To release energy from a cell or battery

Electrode: Material used in a cell or battery tassthe electrochemical reaction; in a secondary
battery, it either gains or releases electrons.

Electrolyte: Substance, usually a liquid that abowns to flow between electrodes during
discharge, as well as during charge in a secoriaitgry.

Energy Density: A measure of the energy stored imatiery per weight or volume; usually
measured in watt-hours per kilogram (Wh/kg).

Fast Charging: A term used to describe chargingcarsdary battery at a rate of 0.5 C or higher
for example, in less than two hours.

Frequency: Refers to the number of oscillationgilmrations of an alternating current within one
second.

Memory Effect: A temporary or permanent loss ofaEfy in a battery when it is discharged to
an identical point and then recharged a successir@er of times.

Original Equipment Manufacturer (OEM): A manufa&uthat produces complex equipment
from components usually bought from other manufarsu

Overcharging: Attempting to store more charge mtecondary cell or battery that have similar
characteristics.

Rechargeable: The ability to have an electricalrggneeturned to it; used in reference to
secondary batteries.

Run Time: The amount of actual time spent using gteduct when between idle uses. It is
sometimes referred to as talk time for telecommatioas applications.

Secondary Cell (or battery): A cell or battery thah be recharged.

Self-discharge: Phenomenon in which a cell or battetomatically loses charge while standing
idle.
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