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PRODUCT DESCRIPTION

The use of stored energy to support and optimize the electric transmission and distribution
(T&D) system has been limited in the United States, but recent developments in advanced
energy storage technologies and other technical, economic, and social factors suggest a
promising future for energy storage. This Handbook provides an objective information resource
on the leading, near-term energy storage systems and their costs and benefits for a wide range of
T&D applications including distributed generation and power quality.

Results & Findings

The Handbook makes the business case for energy storage on the national and corporate levels
and also provides aguide for T&D utilities looking at particular energy storage systems for
representative applications in grid stabilization, grid operation support, distribution power
quality, and load shifting. The Handbook provides a structured, easy-to-use resource for
formulating comparative technol ogy/application assessments and quantifying costs and benefits.
It provides a comprehensive guide to the currently available energy storage technologies: lead-
acid, nickel electrode, and sodium-sulfur modular batteries; zinc-bromine, vanadium redox, and
polysulfide-bromide flow batteries; superconducting magnetic energy storage (SMES);
flywhedls; electrochemical capacitors; and compressed air energy storage (CAES). It describes
the current status of each technology, its capabilities and limitations, and its specific costs and
benefits. Each technology is ranked as to suitability, and compared with other technologies, in
one or more of 14 different utility T&D system applications.

Challenges & Objectives

With the many challenges facing utilities and others responsible for reliable electricity service,
considering the broadest range of technically and economically viable solutionsis more
important than ever. Electricity storage isawell known, yet often overlooked solution to many
of the common problems of the T& D system. Only about 2.5% of the total electric power
delivered in the United States is currently cycled through a storage facility while 10% of the
delivered power in Europe and 15% in Japan is cycled through such storage facilities. While
storage is not yet the universal solution for theills of the electric delivery system, as more
experience is gained and as technologies improve, storage may one day be ubiquitousin our
power systems because of its attractive features, such as prompt start-up, modularity, easy siting,
limited environmental impacts, and flexibility.

Applications, Values & Use

The Handbook provides a technology database and economic evaluation framework to T&D
utilities for selecting and evaluating candidate energy storage options and formul ating
comparative assessments. Technology status, functionality, and cost information in the



Handbook will help users evaluate the readiness and viability of the technology for specific
applications. Representative application cost-benefit examples given will establish abasis for
more detailed, site-specific assessments by helping the utilities work with storage system
suppliers to optimize their systems.

EPRI Perspective

EPRI undertook the development of this Energy Storage Handbook in partnership with the
Department of Energy’s Energy Storage Program whose participation in the preparation of
Chapter 2 of the Handbook, National Perspective on Electricity Storage Benefits, was
particularly valuable. The Handbook represents the first and only nationally available and broad
consensus based information resource of significant depth and detail on energy storage for utility
T&D applications. As such, it should stimulate the consideration and deployment of electricity
storage in utility operations leading to increased T& D asset utilization, system reliability, and
customer power quality.

Approach

The project team consisted of a broad panel of expertsin electricity storage technology. The
team summarized grid interactive storage experience in the United States, including the size of
national storage markets. Throughout, the results of the research were augmented and reviewed
by technology vendors and professionals from both academia and the utility industry. The team
assessed both the readily monetized benefits of energy storage and its more qualitative benefits
such as reliability and security. They developed aframework for assessing the costs and benefits
of particular, consistently defined applications that simplifies analysis by applying a uniform
treatment of major cost components such as electronic power conversions systems that are
largely independent of energy storage technology. They gathered and summarized detailed
information on the available energy storage technologies, the status of their development and
deployment, bases and sizing for relevant applications, technol ogy-specific costs, resultant
benefits assessments, and pertinent references. The team then assembled the resource materials
in areadable format that is consistent across all technology sections.
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ABSTRACT

In the United States, the use of stored energy for the real time and short notice (millisecondsto a
few minutes) support and optimization of the transmission and distribution (T&D) system has
been limited to date, primarily due to alack of cost-effective options as well as actual field
experience and comparative eval uations. Recent developments in advanced energy storage
technology, including a number of demonstration and commercial projects, are providing new
opportunities to use energy storage in grid stabilization, grid operation support, distribution
power quality, and load shifting applications. This Handbook assesses the potential benefits and
costs of energy storage on the national and corporate level and provides a “technology-neutral,”
comparative framework that utilities can use to formul ate detailed application and site-specific
assessments of specific technologies. The Handbook details the current status, capabilities and
limitations, and costs and benefits of the leading available storage technologies: lead-acid,
nickel-electrode, and sodium-sulfur modular batteries; zinc-bromine, vanadium redox, and
polysulfide-bromide flow batteries; superconducting magnetic energy storage (SMES);
flywheels; electrochemical capacitors; and compressed air energy storage (CAES). Each
technology is ranked as to suitability, and compared with other technologies, in one or more of
14 different utility T& D system applications.
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1

INTRODUCTION

The use of stored energy is fundamental to the generation of e ectric power, whether in fuel
stockpiles for fossil or nuclear power plants, or the seasonal runoff and dammed waterways for
hydroelectric power plants. However, the use of stored energy for the real time and short notice
(milliseconds to afew minutes) support and optimization of the transmission and distribution
(T&D) system has been limited to date, due primarily to the lack of cost-effective options. At
present, large (100s of MW for up to 10 hours) pumped hydro facilities are the dominant means
of electricity storage, primarily for daily load shifting, but also for regulation control and
spinning reserve applications. Inthe U.S., several lead-acid battery facilities have been deployed
during the 1980s and 1990s with capacities up to 40 MW for applications requiring discharges
of afew seconds up to afew hours. In addition, one compressed air energy storage (CAES)
facility has been deployed in the U.S. with a capacity of 110 MW for up to 10 hours, plusa
290 MW, CAES plant has been operating in Germany. Altogether, about 2.5% of the total
electric power delivered in the U.S. is currently cycled through a storage facility, mostly pumped
hydro. Interestingly, for Europe and Japan, about 10% and 15%, respectively, of the delivered
power is cycled through such storage facilities, reflecting relatively more attractive pumped
hydro sites, and particularly for Japan, higher electricity prices per se and much larger
differences between peak and off-peak prices.

While the addition of pumped hydro facilitiesis very limited, due to the scarcity of further cost-
effective and environmentally acceptable sitesin the U.S. and other developed countries, severa
advanced energy storage technologies are being developed, demonstrated and recently
commercialized with potential for T&D applications. Most are starting in the multi-to-10s of
MW, of capacity ratings as "distributed resources’ that derive part of their value based on
locational conditions, as opposed to the large, central pumped hydro energy storage facilities.
Accordingly, such distributed energy storage technol ogies must also compete with a range of
distributed generation options. Alternatively, hybrid generation/storage systems may combine to
provide the optimal solution for the T& D system than either alone.

A factor in the interest and growth in distributed resources has been the ongoing and ill
evolving restructuring of the electric utility industry. As aresult, many formerly “verticaly”
integrated utilities have or are being restructured into unregulated generation and service
companies, federally regulated transmission aggregate companies, and state regul ated
distribution companies. At present, every combination of the above existsin the U.S. with many
areas still in atransitional process. During this uncertain restructuring period, most T and/or D
utilities are operating on a performance based regulatory structure whereby the least investment
cost solution is generally preferred, and hence afactor in an increased interest in smaller and less
capital intensive distributed resources, including energy storage. However, there are institutional
issues related to restructuring that must be resolved for T and/or D utilities to be able to access
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the full value of distributed resourcesin general and most energy storage options in particular.
For example, arestructured T and/or D utility istypically not allowed to accrue the benefits from
owning an energy storage facility related to load shifting, i.e. replacing high cost peak energy
with low cost off-peak energy, or to sell ancillary services from such an energy storage facility.
Either or both could make the difference in achieving attractive economics that are otherwise
lacking if based only on deferring a more capital-intensive upgrade in the system.

Broad technical, economic and social factors also suggest a promising future for energy storage
technologies. Among the more compelling economic forcesis the growth in automated
industrial processes and communications over the past decade, during which reliance on

el ectronic transactions has become a permanent dimension of the U.S. economy. Thistrend has
created demand for premium electric power, which can often be more cost effectively achieved
through the deployment of distributed energy storage systems. By the end of the past decade, a
generaly strong economy and associated load growth had caused significant strain on the T&D
system in many parts of the country, while public environmental awareness added to the social
cost (and practical difficulty) of expanding transmission rights-of-way. Asaresult, optimization
of the existing T&D infrastructure through alternative and creative congestion management and
load relief programs has been elevated in priority. Concurrent advancements in power electronic
technologies have played key rolesin both the demand for premium power and the mitigation of
power disturbances, aswell asin enabling anew dimension in real-time T& D control and
management. Technologies such as Flexible AC Transmission Systems (FACTYS), initially
developed through EPRI programs, are strategically positioned to enabl e the introduction of
energy storage to enhance both power quality and T& D asset utilization, plus the economic use
of wind and solar renewable resources.

With the reality of energy storage and power e ectronic technology advances plus application
opportunities and challenges for the T&D utility sectors, EPRI has undertaken the devel opment
of this Energy Storage Handbook for T&D Applications. The synergism between the goals of
this effort and those of the DOE Energy Storage Program has led to DOE’ s co-sponsorship,
participation and particularly the preparation of Chapter 2 — National Perspective on Electricity
Storage Benefits.

Purpose

The purpose of this Handbook is both broad and specific. Asnoted, DOE is collaborating in the
effort with emphasis on addressing the National perspective on the benefits of grid-interactive
energy storage, which draws from their extensive background of related work. More
specifically, the Handbook provides an objective information resource on the leading, near-term
energy storage systems and their respective benefit-cost assessments for leading, opportunity
T&D applications. Hence, the Handbook communicates the business case for energy storage at
the corporate and policy levels within industry and government, respectively, as well as guides
T&D utilities for screening candidate energy storage systems for representative, opportunity
applications.

Aswarranted by such screening results, the Handbook also providesthe T&D utility user of this
Handbook a structure for formulating more detailed application and site-specific assessments
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plus a basis for selecting which energy storage options to further evaluate for related deployment
considerations. Such detailed assessments by the utility should have the benefit of direct
interactions with the storage system suppliers that are typically able to further optimize their
respective systems beyond the representative application assessments presented herein. As such,
the utilities are well served with objective information for screening decisions and the storage
system suppliers are well served by being identified with the potential for such applications.

Pending the realization of such benefits, the intent isto periodically update and expand the
Handbook, including the addition and perhaps deletion of energy storage systems and
applications.

Scope of Handbook

As noted, the scope of this Handbook is both broad and specific. The broad scope followsin
Chapter 2 with the National perspective on the benefits of energy storage, which goes beyond the
T&D sector to include other sectors, such as generators, end-use consumers, vendors, regul ators
and other government agencies. This material draws upon the work that DOE has been
supporting through their Energy Storage Program, primarily administered through the Sandia
National Laboratories. To begin, the value chain between all the stakeholders is addressed that
establishes the broad bases for answering the question: “why electricity storage?’. Storage
implementation issues are then reviewed, including the assessment of the non-storage
alternatives and the related permitting and siting considerations. A summary of grid interactive
storage experience in the U.S. is provided as the base of precedent and lessons learned. The size
of National level storage markets and benefits are presented, including the readily monetized
benefits and the more qualitative benefits such as reliability and security. Finally, market
conditioning and the R& D needs and opportunities are addressed that serve to guide related
programs funded by DOE and EPRI.

The remainder of the Handbook has been organized to reflect a user/vendor information
exchange, i.e., utility-user application requirements and values are posed to energy storage
system vendor/supplier entities that have responded with design, performance and cost
information. Chapters 3, 4 and 5 describe the specific T&D applications, economic benefits and
common cost elements for evaluation from the T and/or D utility perspective. Chapters 6
through 15 provide technical descriptions, summarize the state of development, and present the
results of economic assessments of the T& D applications presented in Chapter 3 from a supplier
point of view. This approach has been adopted as a means of enhancing insight to the cost and
performance of emerging energy storage technologies by imposing uniform treatment of major
cost components that are largely independent of energy storage technology, such as electronic
power conversion systems.

In Chapter 3, the specific T& D based applications for which applicable energy storage systems
are assessed in the subsequent “technology chapters’ (Chapters 6 through 15). Applications are
organized in four major categories. Grid Stabilization, Grid Operation Support, Distribution
Power Quality, and Load Shifting. Each major category is then sub-divided into the specific
applications shown in Table 1-1.
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Table 1-1
T&D Energy Storage System Applications Assessed
: e Grid Operational Distribution
Grid St(%bél;zanon Support Power Quality Shifl'zi?lzd(-LS)
(GOS) (PQ)
Frequency Conventional | Short Long
Angular | Voltage | Excursion Regulation | Spinning Duration | Duration
Stability | Stability | Suppression | Control Reserve PQ PQ 3 hr 10 hr
(GAS) | (GVS) | (GFS) (RC) (SR) (SPQ) | (LPQ) | (LS3) [ (LS10)

These individual applications are described with emphasis on the grid phenomena being
addressed and the role of stored energy to support the grid. Top-level requirements (e.g., duty
cycles) and reference values used in benefit-cost assessments are identified. 1n addition to the
nine single function applications shown in Table 1-1, five combined function applications (e.g.,
combined PQ and LS) are also characterized. Prior work has shown that the economics of most
energy storage systems are significantly more attractive than single function applications, albeit
with potential institutional issues as noted above. The energy storage systems suitable to address
the resulting set of fourteen representative opportunity applications are identified. Chapter 3 also
introduces the following energy storage systems presented in thisinitial edition of the Handbook:
lead-acid, nickel-cadmium and sodium-sulfur modular batteries; zinc-bromine, vanadium redox
and sodium polysulfide-sodium bromide flow batteries; superconducting magnetic energy
storage; flywheels; ultracapacitors; and compressed air energy storage.

In Chapter 4, the bases and approach used in quantifying the benefits associated with each
application are presented. Benefits are treated in two categories: those associated with
representative el ectricity market rates (e.g., trading values for electricity energy, demand,
ancillary services, etc.) and those related to the avoided cost of alternative solutions (e.g.,
upgrade deferral, competing technology, etc.). The quantification of market-based benefitsis
obtained from a representative single value, while the value of avoided costs is represented over
arange (e.g., the net capitalized costs of alternative technology solutions are shown for arange
of $500 to $1500/kW). This approach isused for all the energy storage systems addressed in this
Handbook. It isintended to allow the reader to conduct an initial screening of options by
extrapolating the results of economic analyses reported herein to project specific values and
options. Intangible benefits associated with energy storage solutionsto T&D applications are
also characterized.

Similarly, Chapter 5 describes the bases and approach used in quantifying costs that are common
to the various energy storage systems. These costs are generally those outside the scope of
supply for the energy storage equipment supplier and if not will be treated on a case-by-case
basis. The major common cost element is the power conversion system, the devel opment of
which is generally evolving in parallel with the development of energy storage systemsand is
subject to otherwise wide variability in cost estimates, depending on the supplier and
assumptions regarding design maturity and volume of orders. Other common cost elements
include the balance of plant, grid interface and routine property taxes and insurance.
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Chapters 6 through 15 then follow for the respective energy storage systems with a description of
the energy storage technology, status of development and deployment, bases and sizing for the
relevant applications, technol ogy-specific costs and the resultant benefits assessments, plus
pertinent references.
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NATIONAL PERSPECTIVE ON ELECTRICITY
STORAGE BENEFITS

Why Electricity Storage?

Integrating Electricity Storage into the Electricity Value Chain

With the myriad of challenges facing utilities and others responsible for reliable electricity
service, considering the broadest range of technically and economically viable solutionsis more
important than ever. Electricity storage isawell known, yet often overlooked solution to many
of the common problems which frequently arise. [1][2][6][21][22]

The purpose of this chapter is to illuminate the many economically viable opportunities for
storage inclusion in power systems by utilities and/or their customers, plus its related societal
benefits. This chapter addresses the business case for electricity storage technol ogies that derive
from its features, such as prompt start-up, modularity, easy siting, limited environmental
impacts, and flexibility to be used for multiple applications. While storage is not yet the
universal solution for theills of the electric delivery system, as more experience is gained and as
technologies improve, storage may one day be ubiquitous in our power systems.

For example, storage devices could be placed in the utility distribution system to supply peaking
power to afeeder on rare occasions when the local load is beyond its operational limits. This
simple storage use can defer the need for a costly distribution upgrade until all doubt has been
removed that the load has indeed grown on the feeder.

A good use of storage for electricity end-usersisto mitigate power quality or reliability problems
which affect sensitive equipment. Here the storage device would be placed in series with the
sensitive load, continuoudly filtering and then providing energy during momentary or extended
outages, depending on the capacity and discharge duration of the storage device installed.

Finally, consider a renewable resource such as photovoltaics or wind generation connected to the
grid but unable to obtain a capacity payment for its output, and hence losing some financial
advantage. The use of a storage device could firm up that intermittent renewable capacity
enough to earn some additional and substantial economic benefits on the open market.

“Chapter 2 was prepared and funded by the U. S. Department of Energy. It isnot copyrighted and isin the public
domain.”
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These applications and their associated value propositions provide benefits to their owners.
Depending on the type, design and size of storage device which isinstalled, these individual
benefits may be sufficient to pay for a storage system.

What is unique and profoundly important about storage isits flexibility to produce multiple
benefits from a single device. In theory one storage device could be employed simultaneously in
all three of the above applications, vastly improving the economics of the storage installation.
And thisis not the limit of the value of storage: a single device could have more than three
benefit streams, although each application must be compatible physically and in a business (e.g.,
contractual) sense.

This chapter will first review the business stakeholders for the use of storage. Thirteen
individual benefits of storage are defined and quantified and ranked, using a recent study
addressing the situation in California as the basis. The resulting ten year market potential and
economic benefits are also estimated. Storage qualitative benefits, implementation experience,
project decision techniques and regul atory approaches to storage are reviewed. A national
perspective is then offered on US markets and benefits of the use of storage, remaining market
conditioning needs and suggested storage R&D areas.

Potential Electricity Storage Beneficiaries and Other Stakeholders

Electric Utility

Storage is already a common part of many utility systems, but it is not yet integral to
transmission and distribution operations. Storage is a commonplace complement to large
generation plants, and at the other size extreme, batteries are the norm for small equipment
protection, ride-though and emergency operation. But in between these two applications,
roughly in the MWac size range, there are many uses for which storage has not yet been applied.

Energy storage could provide benefits to al elements of the electric utility system: supply
(purchase and/or generation), transmission, and distribution. For utilities that provide non-
traditional value-added utility services storage could aso be an important part of offerings such
as“premium” power or holistic energy solutions.

Storage can be a flexible element of aresponsive, cost-competitive electric supply system. It can
be used to store low-cost energy — whether generated or purchased —when demand islow, for
use when energy demand and valueis high.

Energy storage can be used in lieu of additional peaking power plants whose fuel efficiency, air
emissions and asset utilization are all relatively poor.

Energy storage can reduce need to use generation for load following and as spinning reserve.

That, in turn, reduces part load operation of generation yielding reduced wear and tear, better
average fuel efficiency and possibly reduced air emissions.
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Storage used within power distribution systems and/or at specific locations which are served by
heavily loaded transmission lines reduces congestion on the transmission lines. Electricity
storage can also interact electrically with transmission linesto increase lines' throughput and/or
stability. Specifically, storage can be used to maintain voltage and perhaps more importantly, to
maintain transmission frequency to prevent system collapse.

Geographically-targeted storage can increase the asset utilization of existing transmission and
distribution (T& D) equipment.

Storage could be used to defer or eliminate the need for high cost investments in new or
upgraded T&D facilities (wires, transformers, capacitors or capacitor banks, and substations). In
addition, storage could also be a cost-effective option for utilities to improve power quality or
service reliability for customers with high value processes or critical operations.

Individual Electricity End-Users

Electricity storage installed by or for specific end-users can provide significant benefits. Key
uses include managing cost for electric service, reducing financial 1osses due to poor power
quality, and reduced financial losses due to unacceptable electric service reliability.

To manage their electric energy cost, end-users store inexpensive energy when demand for and
price of the energy islow. When demand for price of energy is high, and if applicable when
demand charges apply, the stored energy is used instead of energy from the grid.

Many commercial and even residential end-users use device-specific uninterruptible power
supplies (UPSs) to reduce effects associated with outages and poor power quality. In some cases
facility-wide UPSs are used.

Electricity storageis financially viable primarily for commercia and industrial end-users whose
overall energy cost is high and/or for which power-related down-time has high cost.

Utility Ratepayers

To the extent that electricity storage reduces the utility’ stotal cost-of-service —relative to the
utility’s most likely solution, and to the extent that that cost-reduction is passed on to ratepayers,
the ratepayers derive a benefit also.

Consider storage used by a utility to address a distribution problem which affects the power

quality of two nearby utility customers. Though the storage provides benefits to two individual
end-users, usually the cost is borne by the utility ratepayers as a group.

Energy Service Providers

One possible important stakeholder in the utility marketplace of the future could be non-utility
entities which provide an array of energy services and equipment. Commonly referred to as
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energy services companies (ESCO) or energy services providers (ESP), these organizations
could play an important role with regard to bringing energy storage to the electricity
marketplace.

These entities could, for example, provide “plug-and-play” electricity storage systems for end-
usersor utilities. Or, ESPS offerings could include some or all of the following: storage system
financing, engineering design and sub-system integration, procurement, Systems aggregation,
permitting, installation, interconnection, or maintenance.

ESPs could also include storage in broader, more holistic energy solutions for facilities, local
power distribution areas, or even regional energy supply and delivery. Such holistic approaches
could include, for example direct load control, on-site generation, system controls, fuels
management, and dynamic energy cost management based on real-time energy prices and other
decision criteria.

Equipment Vendors

Companies which manufacture and/or sell electricity storage systems, subsystems or related
services have alarge stake in the widespread use of storage systems for utility applications. Just
some of the equipment types that would be affected include: interconnection and switchgear,
control systems for storage systems and/or that integrate storage into a broader energy system,
batteries and related chemicals, inverters and other power conditioning, turbines and generators
for pumped hydroelectric, and combustion turbines, compressors, generators and other
subsystems for CAES. Also at stake isasignificant amount of system integration and support.

The Environment

Renewables and storage naturally complement one another. Already some form of storage is
often used in non-grid connected renewable power systems. For grid connected systems storage
isanatural way to maximize the benefits by time shifting or firming the output of non-
dispatchable renewables generation.

Depending upon how it is used, electricity storage could reduce environmental impacts from
electricity generation, transmission and distribution. Improvements are associated with
improved generation fuel efficiency, reduced air emissions and possibly reduced need for central
utility infrastructure, including generation and transmission facilities.

Regulators and Independent System Operators

Asthe electricity marketplace of the future emerges, electric utility regulators will face a
widening array of challenges as they pursue regulation that balances considerations such as
service cost, servicereliability, fuel diversity, environmenta effects, and infrastructure security.

[6]
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Though regulators have limited direct authority to require use of storage, if and when utilities
exercise their prerogative to use storage, regulators will be required to understand the rel ated
implications.

There may be opportunities for Independent System Operators (1SOs) and/or Regional
Transmission Operators (RTOs) to use storage or to provide incentives for utilities or energy
end-usersto install storage. For example, storage could serve as one option when |SOs need to
balance regional loads or to stabilize the transmission system. With a network control system,
smaller distributed storage systems located at or near end-user sites could be aggregated to
provide power in blocks which are significant enough for the ISO. The ISO would have to be
able to dispatch the aggregated storage power block like it would one large power plant. [6]

Electricity Storage Benefits

This section characterizes financial benefits associated with use of storage. A benefit may be a
revenue stream or a cost that can be avoided if storageis used: an “avoided cost.” This section
also provides abrief overview of market potential for energy storage, if used for the benefits
described.

Introduction

Several benefits from energy storage for utility applications are well known: reduced financial

losses due to poor power quality and power outages, energy price arbitrage involving charging
with low priced “ off-peak” energy for use later when energy cost and price is high, and utility

ancillary services.

Over the last ten to twenty years several other possible benefits from energy storage have been
proposed, evaluated and in some cases demonstrated. For example, the class of benefits called
“distributed” benefits (that accrue based on the |ocation of storage capacity), and benefits
associated with superior performance of the transmission system.

One of the most comprehensive, publicly available listings of benefits from electricity storage
was developed for the California Energy Commission (CEC) and the U.S. Department of Energy
(DOE) in support of an energy storage-related RFP. A listing of those benefits, along with other
data associated with benefits, is shown in Table 2-1. Each benefit listed in Table 2-1 is described
in the following chapter subsections. [18]

In the table, the first two columns after the listing indicate the amount of storage system
discharge time (discharge duration) required for each benefit. The next column shows the
lifecycle benefit per kW of storage suggested for the respective benefit. The final two columns
contain: 1) estimated market potential in California, for storage used for each benefit and 2) the
total economic benefit in California associated with the estimated market potential. The benefits
are rank-ordered with the highest individual benefits at the top of the table. (An extrapolation of
Californiavalues to national valuesis described later in this chapter.)
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Table 2-1
Summary: Electricity Storage Benefits and Market Potential for California

Discharge Duration*
Maximum
10-year Ten-year
Lifecycle Market Economic
Financial Benefits| Potential Benefits
Benefit Minimum Highest ($/kW) (MW) ($Million)**
Distribution Upgrade Deferral
Top 10th. Percentile of Benefits] 2 6 1,0673# 161 172
Time-of-Use Energy Cost Management] 2 per tariff 1,004 4,005 4,021
_Power Quality )5 soonds| 1 Minute 717 4,005 2,872
Reduced Financial Losses|
Distribution Upgrade Deferral
50th. Percentile of Benefits| 2 6 666# 804 536
Renewables Contra(_:tual Time-of- 6 10 65544 500 328
Production Payments
Transmission Upgrade Deferral 4 6 650# 1,092 710
Demand Charge Management] 6 11 465# 4,005 1,862
End-user Electric Se_rwce_ReIlablIlty 0.25 5 359 4.005 1,438
Reduced Financial Losses|
Bulk Electricity Price Arbitrage| 1 10 200 - 300 735 147 to 220
Central Generation Capacity]
(Avoided Cost or "Profit") 4 6 215# 3,200 688
Renewables Capacity Firming 6 10 172#4# 1,800 310
Transmission Support 2 Seconds | 5 Seconds 82 1,000 82
(Avoided Cost or "Profit") ’
Ancillary Services ek
(Avoided Cost or "Profit") L 5 2 800 58
Avoided Transmission Access Charges 1 6 72%%* 3,200 230
Avoided Transmission Congestion 2 6 7ok 3,200 230
Charges

*Hours unless other units are specified.
**QOver ten years, based on lifecycle benefits times maximum market potential (market estimates will be lower).

***Placeholder values. The actual benefit was not estimated.
#Does not include incidental energy-related benefit.
##Wind generation.

Source: California Energy Commission and the United States Department of Energy [18]

For this document market potential estimates are provided to convey a sense of the magnitude of
potential. Values presented herein are market potential values, not market estimates or
projections and are not meant to imply that market potential estimates indicate how much storage
will beinstalled. Market potential estimates are made based on estimates raw technical
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potential, current knowledge, trends, and reasonable assumptions about cost and awide variety
of benefits.

Ten-year market potential estimates used are listed in Table 2-1. The rationale used to make
those estimated is summarized in Table 2-4 later in this chapter.

When describing benefitsin this chapter, afew standard assumptions are used since no specific
storage technologies are considered. The storage plant life used is aways 10 years. A generd
price escalation of 2.5% is assumed for all costs and prices and the discount rate used to calculate
net present values (NPV) is 10%.

To smplify lifecycle net present value calculations in this chapter, a“net present value factor”
(NPV factor) iscalculated. That valueis used to convert asingle/first year benefit into aten-year
net present value. Given the standard assumption values of 2.5% standard cost/price escalation
rate, 10% for discount rate, and ten years for storage life, the NPV factor is 7.17.

Consider an example: for an annual benefit of $100/kW-year the lifecycle net present value
benefit is $100/kW-year * 7.17 = $717/kW over ten years. (Note that this approach assumes that
the annual benefit for al ten years of the storage plant’ s life is the same as that for thefirst year,
except that all related costs and prices escalate at 2.5% per year.)

The financials used in this chapter, reflect nominal dollars; specifically, the 10% discount rateis
the nominal rate including effects of inflation. Elsewherein this document areal discount rateis
used to estimate net present value, i.e., to remove effects of inflation from the calculus.

Utility Transmission and Distribution Financial Benefits

Entities which own transmission lines or that are responsible for the operation of the
transmission system (e.g., Independent System Operators — ISOs, or Regional Transmission
Organizations — RTOs) could use storage several ways.

Storage systems with high power output and with discharge duration of a few seconds could be
used to stabilize power flows through the transmission system.

Storage which interacts directly with atransmission line can increase the amount of current
which flows through the line (e.g. via damping).

Storage located downstream from transmission lines (for example, connected to power
distribution systems) can be used to reduce loading on the transmission system during periods of
peak demand. Effects may include: reduced energy losses as reduced current passes through the
wire during periods of heavy loading, capacity not used can be used for another power flow, or a
transmission system upgrade may be deferred.

Organizations which own and operate electricity distribution systems (DisCos) could use storage
for several benefits.
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Storage systems could be used to stabilize power flows through the distribution system. Storage
could provide reactive power needed to optimize localized power flows. Storage which interacts
directly with a distribution feeder can increase the amount of current which flows through the
line (e.g. viadamping).

Storage located downstream from overloaded distribution lines can be used to reduce loading on
the circuit during periods of peak demand. Effects may include: reduced energy losses as current
passes through the wire, wear and tear of distribution equipment (e.g. due to thermal stressing or
frequent tap changer resetting) is reduced, thus increasing equipment life, or adistribution
system upgrade may be deferred or avoided.

Deferred T&D Upgrade Investment

The single year transmission or distribution deferral benefit isthe financial value associated with
deferring a utility T&D upgrade for one year. It isthefinancial carrying charges that are avoided
because the upgrade is not undertaken immediately.

Consider an upgrade to a9 MWac distribution system. Typically 3 MWac will be added, a 33%
increase, after the upgrade the distribution system can serve 12 MWac of load. Using an average
annual carrying cost of $50 per kW in Californiafor distribution capacity added, the annual
(single year) carrying charges for the upgrade are $150,000. [28][29]

To defer an upgrade for one year it is assumed that the energy storage plant’ s power output must
be equal to the expected |oad growth for the next year. Continuing with the example above: if
load growth on the circuit is 2.5% per year, during the next year then load growth is expected to
be 9 MWac * .025 = 225 kW. In theory, a storage plant rated at 225 kW could alow the utility
to defer the distribution upgrade for one year. Of course, an engineering contingency may bein
order. That is, it may be that distribution engineers believe that load growth may exceed 225 kW
inagiven year.

The key point isthat installing 225 kW of storage allows the utility to avoid a one time charge of
$150,000, or a one time, single year benefit of $150,000 / 225kWgorage = $666/kW (of storage
capacity, if installed). If the storage installed cost is that amount or less, then the storage plant
pays for itself in one year.

Note that in California 10% of locations require distribution upgrades whose annual carrying
charges are $80/kWc; that yields an annual deferral benefit of $1,067/kW of storage.

If the same storage system could be located to defer an upgrade 1) at adifferent location in a

subsequent year, or 2) during a different season within the same year then benefits are additive
(given appropriate time-value considerations).
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T&D Equipment Life Extension

The benefit for T&D equipment life extension is quite similar to that for T& D deferral. To the
extent that use of energy storage reduces maximum load and/or load swingson T&D equipment,
the equipment’ s life may be extended. If so, the magnitude of the benefit is roughly the same
magnitude as that for the T& D deferral.

Transmission Support

It is possible to use energy storage to improve the performance of the transmission system. For
any given location, to the extent that energy storage support increases the load carrying capacity
of the transmission system, a benefit accrues if additional load carrying capacity defers the need
to add more transmission capacity and/or additional T&D equipment additional capacity is
“rented” to participants in the wholesal e electric marketplace (to transmit energy).

An earlier EPRI study that evaluated the use of SMES for such T& D support in Southern
California during hot summer conditions, when the need is greatest and when the benefits are
highest, the benefit was estimated to be about $170/kW. [8][27][26]

Transmission Access Charges Avoided

Utilities that do not own transmission facilities pay transmission owners for transmission
“service.” That is, when non-owners use the transmission system to move energy to and/or from
the wholesale marketplace, owners must recoup carrying costs and operations and maintenance
cost incurred. Related charges are often called transmission access charges.

One of the first Regiona Transmission Organizations (RTO) to publish such chargesisthe
Midwest Independent System Operator (M1SO). Monthly and estimated annual transmission
access charges that are expected to apply through 2007 for the M1SO are shown in

Table 2-2.[13][15] Annual values are estimated — for illustration only — by multiplying monthly
values by 12.

A conservative value for this benefit is $10/kW-year for transmission capacity not used. Over
ten yearsthe NPV is about $72/kW. Based on the valuesin Table 2-2, a somewhat less estimate
is $20/kW-yr or $144/kW.
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Table 2-2
Summary: Transmission Access Charges for the MISO

Access Charge ($/kW-month)

Low Average High

Monthly Charge (June 2003) 0.94 1.39 3.17
Transition Charge (=> 2007) 0.78 0.78 0.78
Total Charge 1.72 2.17 3.95

Annual and Ten-Year Cost

Low Average High
Annual ($/kW-yr) 20.6 26.0 47.4
Ten-Year NPV ($/kW) 148 187 340

Source: Midw est ISO [13]

Reduced Cost for T&D Losses

This benefit accruesiif there is a differential between T&D resistive (I°R) losses on-peak when
storage is discharged versus losses off-peak when storage is charged. Asan example, if T&D
I°R losses are 8% on-peak and 5% off-peak the avoided losses are 3%. That reduces fuel use and
related air emissions and reduces the need for generation and transmission capacity.

Electricity Supply Financial Benefits

Companies whose business involves electricity generation could derive several benefits from
electricity storage. Some power plants cannot be turned off and restarted easily, so they run
continuously, even if the value of the output is very low. For those plants, storage could be used
to store low value energy for use when the value is high. Storage could be used to assist with
“load following” so that generation plant output does not have to vary with load; the storage does
the load following. Such load following adds wear and tear to power plants and may reduce
efficiency and increase air emissions (per kWh generated). [5]

Arbitrage

Arbitrage involves purchase of inexpensive electricity available during periods when demand for
electricity islow, to charge the storage plant, so that the low priced energy can be used or sold at
alater time when the price for electricity is high.

To estimate the arbitrage benefit, a dispatch algorithm is used. It has the logic needed to
determine when to charge and when to discharge storage, to optimize the financial benefit.
Specificaly, it determines when to buy and when to sell electric energy, based on time varying
prices aswell as the round trip efficiency of the storage system and the variable maintenance cost
for storage operation. Actual chronological price datafor the Pennsylvania, New Jersey, and
Maryland (PJM) areais shown graphicaly in Figure 2-1.
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Figure 2-1
Chronological Price Data, for PJM, 2001

Asshownin Table 2-1, in California arbitrage benefits are between $200 and $300/kW, net
present value, for ten years, depending upon electricity prices, storage round trip efficiency, and
storage variable maintenance cost.[18] [3]

Generation Capacity

If the installed base of electricity storage is large enough, the storage could be used in lieu of
central generation capacity. Avoided are costs to own the power plant or cost to “rent” capacity
in the wholesal e €l ectricity marketplace.

Historically, generation capacity has been bought and sold in the wholesale marketplace by
utilities and more recently, by wholesale energy marketers. That marketplace is opening up to
non-utility entities. A key development is access to the electric system’s “wires’ (transmission
and distribution systems). Without such access, power from distributed energy storage (and
generation) cannot be delivered to the electric system for sale.

Though difficult to generalize, as an upper bound, in many areas of the U.S. the most likely type
of new generation plant “on the margin” isanatural gas fired combined cycle power plant
costing an estimated $500/kW. Peaking capacity costs somewhat less. Applying afixed charge
rate of .13 to $500/kW yields an upper bound annual benefit of $65/kW per year, asindicated in
Table 2-1.

Ancillary Services
It iswell known that energy storage can provide several types of ancillary services. These are

what might be called support services used to keep the regional grid operating. Two of the more
familiar ancillary services are spinning reserve and regulation control. [17]
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It is difficult to generalize benefits associated with ancillary services; the topic is complex,
ancillary services have several manifestations, and even definitions of individual ancillary
services vary among entities and regions.

The market for ancillary servicesisjust being established, so thereislimited history upon which
to draw when trying to peg the benefit. The cost for many ancillary servicesis also quite
volatile. Some vary over very short time periods and they are often location, time-of-day, and
season-specific. For storage, the amount of ancillary benefits that may be realized is affected by
discharge duration.

Actual values are usually posted by the regional transmission operator (RTO) or Independent
System Operator. An exampleisfound at the Midwest RTO. [14][15]

A conservative value for this benefit is $10/kW-year (NPV of $72/kW over ten years).

However, based on posted prices for ancillary services for PIM and California, ancillary services
benefits could be as high as $80/kW-year, assuming $16/MW-h for 5,000 hours of “service.”
(Note that providing that service does not require continuous storage output). [34][35]

Renewables

Electricity storage can enhance the value of energy from renewables generation in at least two
fundamental ways. First, storage can “firm-up” renewables output so that electric power (kWs)
can be used when needed, not just when the renewable resource is available. Thisbenefitis
listed as renewables capacity firming in Table 2-1.

In addition, electric energy (kWhs) generated during times when the value is low can be “time-
shifted” so that the energy can be sold when its value is high. One example is “contractua time-
of-production payments’ in Californiainvolving existing Standard Offer contracts. Asshownin
Table 2-1, in Californiathis benefit is on the order of $650/kW, lifecycle, over ten years. [18]

Another option would be to charge storage with electricity from the grid as well as from wind
generation. Specifically: if not enough energy available to charge the storage from wind
generation then energy from the grid is used to fill-in. Relative to only using wind generation to
charge storage, that allows for increased (storage) asset utilization and additional revenues, and
provides more assurance that the storage is charged when wind is not present. [19]

Utility Customer Financial Benefits

Time-of-Use Energy Cost Reduction

For electric utility customers that pay “time-of-use” energy prices, storage may provide means to
reduce their overall cost for electric energy. Customers charge the storage during off-peak time
periods when electric energy priceis low, then discharge the energy during times when on-peak
(time-of-use) energy prices apply.
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As an example, consider Pacific Gas and Electric’s (PG& E’'s) Small Commercial Time-of-Use
A6 rate structure, for entities with load of 500kW or less. It applies during the months of May to
October, Monday through Friday. Energy prices are about 32¢/kWh on-peak (noon to 6:00 pm).
Prices during partial-peak (8:30 am to noon and 6:00 pm to 9:30 pm) are about 15¢/kWh, and
during off-peak (9:30 pm to 8:30 am) prices are about 10¢/KWh.

Asshown in Table 2-1, the ten year NPV of benefit for storage used for this application is about
$1,000/kW. Of course the benefit in any given circumstance (e.g. in other states) depends on the
applicable rate structure. Also important are storage systems' round trip efficiency, variable
maintenance cost, and reliability.

Demand Charge Reduction

Energy storage could be used by energy end-users to reduce their overall costs for electric
service by reducing demand charges. Demand charges related to the maximum power draw of a
facility (rather than the amount of energy used).

To avoid demand charges (associated with a given kW of peak load) customers must avoid using
power during peak demand periods, which are the times when demand charges apply. Typicaly
demand charges apply during late morning to late afternoon, during summer months, on
weekdays. Load must be reduced for al hours during which demand charges apply: Often if
load is present for just one fifteen minute period during when peak demand charges apply, the
monthly demand charge is not avoided.

For this application the storage plant discharge duration is driven by the applicable tariff. For
example, for PG& E's E-19 Medium General Demand-Metered TOU tariff, there are six on-peak
hours (12:00 noon to 6:00 pm).

From Table 2-1, the ten year NPV of benefit for storage used for this application for PG&E’s
E-19 rate is about $465/kW. Note that the energy discharged to reduced peak demand also has
value. In most cases the benefit associated with the energy may be added to the benefit related to
demand charge reduction.

Electric Reliability

Energy storage is used to improve the reliability of electric service. In the event of a power
outage lasting more than a few seconds the storage system provides enough energy to a) ride
through outages of extended duration, b) to complete an orderly shutdown of processes, and/or c)
transfer to on-site generation resources.

The discharge duration required is based on situation-specific criteria. If an orderly shutdown is

the objective then discharge duration may be an hour or more. If an orderly transfer to a
generation device is the objective then afew minutes of discharge duration is needed.
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Based on a survey of available information, as shown in Table 2-1, atypical benefit might be on
the order of $360/kW over ten years. [9][10][12]

On-Site Power Quality

Improving electric service power quality (PQ) involves use of electricity storage to protect loads
against short duration power system anomalies that affect the quality of power delivered to
electric loads. It has been estimated that poor power quality causes over $100 billion dollarsin
financial losses each year in the United States. [23][24]

Some manifestations of poor power quality which may damage or affect operation of electric
loads include:

e Variationsin voltage magnitude, e.g., short-term spikes or dips or longer-term surges or sags
e Variationsin the primary 60 cycles/sec frequency at which power is delivered

e Low power factor (voltage and current excessively out of phase with each other)

e Harmonics, i.e., the presence of currents or voltages at frequencies other than the primary
frequency

e Interruptionsin service, of any duration from afraction of a second to minutes

Typicaly the discharge duration required for the power quality application range from afew
seconds to about one minute.

Though challenging to generalize, as shown in Table 2-1, the benefit for improved power quality
can be as much as $700/kW over ten years. [9][10][12]

Combining Financial Benefits From Energy Storage

In many cases more than one benefit is required from storage for benefits to exceed cost.
However, careful consideration of operational, technical, and market detailsis required before
benefits may be added.

Operational Conflicts

Operationa conflictsinvolve competing needs for a storage plant’s power output and stored
energy. For example, storage providing power in lieu of adistribution upgrade deferral cannot
be called upon to provide transmission congestion relief aswell. Storage providing T&D
support may not be capable of providing either enough power or power that is stable enough to
serve the central generation capacity application.

Conseguently, when estimating combined benefitsit isimportant that the reader not add benefits
from applications with conflicting operational needs.
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Technical Conflicts

In some cases storage systems are physically unable to serve more than one need. One example
is storage that cannot tolerate numerous deep discharges and/or significant cycling. These
storage systems might be well suited to the T& D deferral application though they are not suitable
for energy price arbitrage.

Another example is storage that cannot respond very rapidly to changing line conditions. Such
systems may be suitable for energy arbitrage or to reduce demand charges but may not be able to
provide transmission support or end-user PQ benefits.

Consider also storage system reliability. Lessreliable (though lower cost) storage systems may
be suitable for pursuit of energy arbitrage or time-of-use energy cost reduction benefits,
however, such systems could not be used for demand reduction, T& D support, or T& D deferral
benefits.

Market Intersections

Asillustrated in Figure 2-2, the market potential for storage to be used for a combination of
benefits — in the simplest case, two benefits — is the intersection of the market potential for
storage used only for benefit type one, and the market potential for storage used for benefit type
two.

M ar ket
M ar ket Estimate
Estimate for Benefit #2

for Benefit #1

Figure 2-2
Market Estimation for Combined Applications/Benefits: Market Intersection

Consider an example: end-users will use energy storage for demand charge reduction, reliability
enhancement, and improved power quality. Assuming that there are no operational or technical
conflicts, the market estimates would account for the following:

e Technica market potential (as an example: 1,000 MW,;) encompasses all commercia and
industrial electricity end-users.

e However, only aminority (30%) of those end-users pay demand charges.

e For most commercial and industrial electricity end users that pay demand charges (60%),
increased electric reliability is not a compelling issue.
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e Only aportion of customers that pay demand charges and that are concerned with electric
reliability (50%) will derive afinancial benefit from improved power quality.

The resulting market potential is estimated to be:
1,000 MW, * 30% * 60% * 50% = 90 MW Eq. 2-1

Qualitative Benefits

Strategic Value to Utilities

In addition to the quantifiable and in many cases monetizable benefits included in this chapter,
storage may have softer yet even more important benefits on a strategic basis. The strategic
value of storage is enhanced by its unique set of characteristics: flexibility, portability, and
compatibility.

Flexibility

Storage can serve as a “ shock-absorber” in at least two ways, first compensating in real time for
imbal ances between supply and demand, and second smoothing prices at each power purchase
decision level, wholesale and retail.

The supply imbalance feature is exactly what is necessary to dampen power system oscillations
such as those that may have contributed to the August 14™ 2003 outage in the Eastern U.S.
affecting 50 million utility customers and 41 GW of load. [33]

As an example of the market calming influence of storage, a small non-generating utility might
use the existence of a storage device or group of devices to alow stronger negotiating for supply
contracts or allow better termsin their long term supply contract.

Once built, a storage device can be operated at any power level (charging or discharging) up to
its design limits (and occasionally beyond those limits). Any amount of energy can be stored or
released within that limit without concern for excessive wear and tear on the device. In fact
many storage technologies operate best at reduced charge or discharge rates.

A utility with substantial storage will be advantageous to new customers due to the resulting
increase in electric servicereliability. We may well see the proliferation of premium electric

service “Power Parks’ where every effort is made to assure end-user power quality and
reliability; storage would be acritically important element of such Power Parks.

Portability

Some storage devices can be portable or at the very |east relocatable, this opens up aworld of
applications and possibilities for utilities and customers aike.
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A utility might own (or lease) a small fleet of storage devices, say adozen, with each unit rated
at afew hundred kWs and one hour of discharge at rated power. Such units can be combined to
increase duration or power or both. They could aso be used seasonally in utilities with regional
summer versus winter peaks. Or the units could be loaned to customers with seasonal needs for
added power or improved reliability. Similarly portable storage devices can cover for lack of
utility power during planned or forced outages on distribution systems.

Compatibility

Storage can be used compatibly with renewables-fueled and other distributed generation,
allowing the generators to be smaller (and hence more cost-effective), to operate at peak
efficiency, and jointly to provide more reliability. If storage can achieve low enough costs it
might become the hub of al distributed power installations.

Note that much of the work associated with integration of electricity generation and storage has
been undertaken for what are generically referred to as hybrid systems. Normally these are not
grid tied systems which have one or more generation source (e.g., reciprocating engines,
photovoltaics, and wind generation) plus energy storage. [36] [37]

Storage can serve many other strategic roles. In emergency situations portable storage devices
can be brought to the scene of the incident to supply power, even if fuel is not available for
portable generators. During major public events, a utility may want to improve its public
relations image by prominently supplying storage backup to handle unexpected power problems.

Grid Operations

In some cases energy storage may give grid operators additional tools to respond to significant
power events or disturbances such as that in the Northeastern U.S. on August 14, 2003. For
example, sufficient amounts of storage can dampen system oscillations which can give system
operators additional time to respond to the events or disturbances. Though it is difficult to
quantify a benefit, per se, clearly such atool could have significant financial and other
implications.

Customer Partnerships

For electricity storage to reach even a portion of its potential, in many cases beneficiaries will
have to come together, to identify and to take advantage of win-win opportunities. These are
situations for which electricity storage provides significant financial benefits, though benefits
accrue to two or more beneficiaries. Ideally beneficiaries form partnerships which could be, for
example, between the utility and end-users, between storage vendors or project developers and
end users, or between energy services providers, the utility, and end-users.

The closer a storage system is to loads served, the greater the opportunity for such situations.
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National Security

The U.S. Department of Energy’ s National Vision for the Grid of the Future recognizes multiple
small distributed sources of energy, including electricity storage, as an important option to
improve the robustness of the transmission system and to reduce the system’ s vulnerability to
sabotage. [1]

For example, depending on how and where storage is located it may be able to compensate for
downed lines. Or, assuming energy storage systems' controls can respond rapidly, arelatively
small amount of bulk storage can have a significant effect on the stability of the transmission
system when disturbances occur.

Electric storage can be used to provide “black start” energy needed to restart power plants that
have been shut down during a major system disturbance.

Electricity storage can provide power to loads or even to local electricity distribution systems,
relieving the burden on transmission and central generation systems as the grid is reactivated
after amajor disturbance.

Storage can provide backup power to critical loads such as hospitals, water facilities, and police
and fire departments, the “first responders’ to security and emergency situations.

Environmental

There are severa possible ways that the environment can benefit from use of electricity storage.
Perhaps most importantly, storage may lead to reduced fossil fuel use for and/or reduced air
emissions from central generation. They include: 1) reduced use of |ess efficient fossil-fueled
“peaker” generation with relatively high air emissions per kWh, 2) reduced need for generation
to provide spinning reserve and load following, and 3) time-shifting of electric energy from
intermittent renewabl e generation, making renewables more viable alternatives to fossil-fueled
generation.

Depending on how it is used and where it is located, electricity storage could reduce the need for
additional generation, transmission, or distribution facilities and land on which they would be
built. Furthermore, if storageislocated at or near loads then energy losses associated with T&D
can be reduced.

Consider an example: storage is 1) charged during times when demand for electricity and T&D
losses arerelatively low (e.g., 5%) and storage is discharged when demand for electricity and
T&D losses arerelatively high (e.g. 8%). The net reduction is 3%, leading to 3% less fuel use
and a corresponding reduction in air emissions.
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Utility Asset Utilization

Asset utilization is the process of wringing maximum value from a capital investment by
thoroughly and frequently using its full capacity. While most utilities are not rewarded directly
for improved asset utilization or even increased reliability, in the long run utilities that spend
their capital budgets wisely may well be looked on favorably by regulators.

A utility which istrying to improve its transmission and distribution asset utilization (much the
way an airline will try to fill every seat on every flight) would be wise to avoid costly,
irreversible investments such as feeder upgrades until the last moment. To continue the airline
anaogy, more planes should not be added until thereis an ailmost certain demand for more seats.

Figure 2-3 shows typical utility asset utilization for central generation and distribution assets. [2]
For both, the area below the curve indicates the asset utilization of each. Note the upper left end
of the plot for the distribution asset. The sharp peak at the left end of the plot indicates that
storage operating for avery few hours each year could easily delay the need for more distribution
capacity, increasing asset utilization in the process. The opportunity is less compelling for
storage used to offset need for generation, given the fact that generation’ s capacity factor and
overall asset utilization is higher than that for distribution assets.
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Figure 2-3

Load Duration Curve for Utility-Owned Generation and for a Typical Utility-Owned
Electricity Distribution Feeder Circuit

A simple way to cost-effectively hedge distribution capacity would be temporary use of a storage
device (on a year-to-year basis) while the distribution planner assures that the load projected for
this feeder really occurs. Such a storage installation would not only handle the extraload on the
feeder, it could be dispatched for regional supply shortfalls and/or during emergency situations.
[3][16]

An even better way to manage feeder problems would be to monitor the load on each feeder at
risk, to predict which of a dozen feeders may be closest to exceeding itsrating thisyear. A fleet
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of portable units would be delivered to these sites a month or so before the problems are most
likely to occur. Contrast this approach to the standard distribution upgrade “ solutions” of

1) hoping that the utility can go through another year without serious consequences, but having
no concrete plan in place which can be implemented in a matter of weeks (as storage can) or

2) preemptively upgrading the feeder by tens of percent when at most only a percent or two of
capacity is actually needed to get through the year. Storage is flexible enough that exactly the
right power rating of storage can be put into service, matching the load growth but no more; that
is excellent asset utilization.

Electricity Cost Volatility Smoothing

Barring significant electricity price regulation electricity price volatility, especialy during
periods of high demand, seemslikely. One possible way to managing effects of price volatility
isto charge storage with low cost or low priced energy when demand islow, so energy can be
used when demand and cost or price and volatility are high.

Storage Implementation Challenges

Storage Field Experience
Energy storage is not a new concept, either for energy end-users or for utilities.

Aside from use of batteries for consumer electronics, utility customers use batteries in the form
of device-specific UPSs, facility wide UPSs, and even as part of emergency back-up systems,
often in conjunction with on-site back-up generation.

Asshown in Table 2-3, there have been more than 22 GW of central-generation-scal e storage
installed in the U.S. at more than 150 locations for utility purposes. Most utility experience with
energy storage iswith large, central-generation-plant scale facilities. Almost all of the installed
capacity islarge scale pumped hydroelectric storage. However, two compressed air energy
storage (CAES) plants have aso been installed and have operated reliably for severa years. One
began operation in Huntorf, Germany in 1978, and israted at 290 MW,.. The other, rated at 110
MWy, has been owned and operated by Alabama Electric Cooperative (AEC) since 1991 in
Mclntosh, Alabama. Both plants continue to operate well. [25]
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Table 2-3
Summary: Experience With Energy Storage

Installed Facility Size Commercially
Technology (U.S. total) Range Available

22 GW at 150 facilities in 19
Pumped Hydroelectric states -- almost exclusively |Upto 2.1 GW Yes
utility-owned and operated

Compressed Air Energy 110 MW in Alabama
Strorage (CAES) (utility owned and operated) 25 MW to 350 MW Yes
Conventional and
Batteries More_ Fhan .70 MW installed JFrom 100 W to 20 Advanc_:ed
by utilities in 10 states MwW Batteries
Yes
Steel, low rpm
Dozens of units. Increasing Yes
Flywheels use as subsystems for onsite |A few kW to
emergency back-up power |tens of kiloWatts Advanced
systems. composite
Near Commercial
N ‘ 1-10 MW micro-SMES
. . Numerous facilities with at ; Yes
Superconducting Magnetic . (micro-SMES)
Energy Storage (SMES) least 100 MW of combined
capacity in at least 5 states. 10 -100 MW

10 -100 MW Developmental

Millions of units for standby

Advanced or "Super" power. Watts to tens of

Capacitors Emerging use: hybrid and kilowatts

electric vehicles

Yes

Source: U.S. Department of Energy, Energy Efficiency and Renewable Energy (EERE)[20]

Energy storage for T& D applications has been demonstrated, though on a limited basis and for
limited circumstances. One of the most prominent examplesis use of superconducting magnetic
energy storage used in conjunction with a subtransmission system, by Wisconsin Public Service
Corp. [4]

There has aso been some experience with thermal energy storage. That involves use of electric
energy to make and to storeice or to chilled water when demand and price for electricity islow.
Instead of using air conditioning, when demand and price for electricity is high, the “coolth”
stored is used for cooling.

Making a Storage Project Decision
Electricity storage system purchases should be evaluated just like any other investment, based on

its economic advantages versus its costs. This can be done as a benefit cost ratio or asa
comparison of the net present value of the projected benefits minus costs. The latter discounted
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cash flow approach is perhaps more standard than the benefit cost ratio, but both will give
similar answers.

It is aso possible, depending on the application being considered, that another technology may
be more cost effective than the storage system, for instance distributed generation. In this case a
discounted cash flow should be determined for that alternative investment also, and the best net
present value selected with due consideration given to the different fuels used.

The financia parameters used should be the same a company would use to evaluate any other
capital investment.

Status of Utility Planning With Storage

Electric supply-related benefits of energy storage can be model ed using production cost models.
So-called chronological production cost models are used. Some of these models, including
EPRI’sDYNAMICS and DYNATRAN, are quite sophisticated. [32][33]

Evaluation of energy storage for T& D benefitsis uncommon. Onereason isthat it is not nearly
as straightforward to evaluate storage’ s technical viability visavistraditional T&D solutions.
That isdue, in part to complexities associated with storage system “dispatch” decisions and
effects on storage equipment life and maintenance costs associated with charge-discharge cycles.
Models used to evaluate electrical effects on circuits are intended to model circuits that include
wires, transformers, capacitors, and loads rather than sources such as el ectricity storage.

Evaluating Storage Benefits and Costs

Many of the benefits associated with electricity storage described in this document are not
currently included in the process when evaluating the financial merits of electricity storage. In
genera, thereislimited experience and familiarity with electricity storage and its benefits. Even
if benefits are understood, in most casesit is quite challenging to estimate the magnitude of the
benefits for several reasons.

Most utility planning and electrical evaluation tools and financial and accounting evaluation
criteria do not accommodate storage evaluations well. And even if utility benefits can be
estimated, in many cases utilities may not claim or internalize them.

Many energy end-users are not familiar enough with potential benefits from storage or with
related evaluation criteria to calculate potential benefits.

Storage equipment installed cost is somewhat straightforward to estimate. However variable
operating costs, including maintenance and overhauls may be less certain and thus more difficult
to estimate, especially for newer storage technologies. And, of course, there is uncertainty
regarding the price for electricity used to charge storage plants.
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With regard to plant capital cost, for each alternative being considered for a given project,
utilities must estimate the annual cost of ownership. That requires use of, among other criteria,
the financial life of the system —the number of years over which the system is depreciated. For
most conventional utility solutions that value is pre-determined. In most cases there is no such
“official” cost for storage solutions.

An engineer evaluating storage as an option must ask financial decision-makers to establish the
financia life. Assuming that the financial decision-makers are also unfamiliar with storage, they
too may have difficulty establishing the financial life of the storage system.

One possible reaction by financial managers who are not familiar with storage is to specify a

short financia life (e.g., five to ten years) relative to other utility equipment such as poles and
wires (30+ years). Theresult isthat, al other criteriabeing equal, the annual carrying cost is
much higher per dollar of storage plant cost than the conventional alternative.

A convergence of these factors would put electricity storage at a distinct disadvantage relative to
conventional power solutions, even if storage is otherwise the best alternative.

Comparing Storage to Conventional Utility Alternatives

In addition to challenges associated with estimating lifecycle benefits and costs for el ectricity
storage, traditionally utility T&D engineers use familiar, proven, and allowable evaluation
techniques, tools, and solutions.

For example, a distribution engineer uses accepted evaluation practices and tools to determine
how much additional transformer and/or wireis required to meet growing loads. S/he then
specifies equipment from mostly standard elements and then determines labor requirements and
cost using standardized approaches and values.

Beyond the fact that rules and standard practice rarely alow for storage asa T& D solution,
currently T&D engineers have little or no experience with electricity storage and thus would
have a difficult time specifying it as asolution. Furthermore, thereis limited experience with
and track record for storage for T&D applications for utility engineers to draw from.

Another significant challenge for distributed electricity storage and other distributed resourcesis
that, some utilities may be discouraged from putting such facilitiesin rate base. Utility
stockholders' dividends are derived from ownership of/investment in capital equipment. One
implication is that distributed storage which could be the lowest cost option if rented, may not be
used because rentals are either not allowed or because rentals may likewise reduce returns to
stockholders.
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Storage Versus Emerging Alternatives

In addition to conventional utility solutions, storage will have to compete with an array of
emerging alternatives. Depending on the application for which storage is to be used, these
emerging alternatives include technological and economic (market-based) options.

Technological

A key competitor to storage — excepting bulk/supply plants —is distributed generation (DG).
Though DG has some significant inherent disadvantages — primarily related to air emissions and
to alesser extent, noise and fuel cost —in some circumstances DG islikely to be the competitive
option. DG tends to be more competitive if power is needed for only a small number of hours
per year and in locales for which air quality is not asignificant issue. DG systemstend to be
more mobile than storage systems.

Another competitor to electricity storage for T&D applicationsis what could generically be
called “smart” T&D. That includes an array of state-of-the-art and emerging options for
improved monitoring, control, and overall management of T&D systems. In some cases such
improvements may be alternatives to storage. In other cases they may complement storage.

Another possible aternative to storage may be called Demand Side Management (DSM)
aggregation. Consider an example. A given utility area has overloaded circuits. The utility or
and ESP contacts industrial and commercial end-users asking end-users if they will accept a
discount on their electricity bill in return for the right to turn off designated equipment for a
specified number of hours per year. Using state-of-the-art control systems all such loads can be
coordinated as a block. When circuits become overloaded, the block of power may be called
upon to reduce the load.

Of course, the same could be done with energy storage, or even a combination of storage of
DSM.

Economic

Economic or market-based solutions involve use of “price signals’ that are designed to change
demand as needed for a specific situation. A simple example istime-of-use energy pricing; itis
designed to discourage use of electricity when cost is high.

Transmission congestion charges comprise another example. They are applied when demand for
transmission capacity exceeds capacity. In the context of this document, congestion charges are
an alternative to storage to be used to defer a transmission upgrade.

There are many possible manifestations of such market-based alternatives. The extent to which
utilities may use such innovative market-based approaches is uncertain.
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Regulatory Approaches and Monetization Mechanisms

Storage applicationsin the U.S. are hindered as much by unfamiliarity and conventional business
practices as by technical risk or economics. Utilities have yet to fully explore the wide range of
applications which are already technically feasible, and regulations (and hence business
practices) are not designed for rewarding the broad range of storage benefits. For example, fire
inspectors may be unfamiliar with some storage technologies, leading to additional storage
project compliance costs and/or delays.

Many of the benefit streams described in this chapter while mathematically correct and
economically accurate, are not yet the norm in terms of regulatory treatment. For example while
many experts might agree that installing a small storage device on afeeder is the operational
equivalent of doing asmall, low-risk wires upgrade, it is not clear who has the right to install that
storage device and who can get financially rewarded for doing so. The ownership issueisan
excellent example of regulatory uncertainty. The financial aspect is generally called
monetization, how much money can and will flow from one party to another, and by what
mechanism.

Regulatory Issues

As an example, in some states utilities are no longer allowed by regulation to participate in the
generation supply business, they are only to manage the wires. A storage deviceis neither a
generator nor awire, making it unclear if it could be placed into rate-base or not. Until such
basic regulatory issues are resolved, a utility will be justifiably hesitant to invest in a storage
device for such applications.

On the customer-side-of -the-meter, a customer might reduce its demand charge by purchasing
energy off peak and discharging storage when itsinternal electric consumption (or the demand
charge) is highest. Depending on the level of the demand reduction, the utility might not have a
specific tariff which fits this situation. In one state such use of storage might be seen asasimple
demand reduction action by the customer, and might even be rewarded in some way. In other
states this might be considered an exiting load requiring a standby charge nearly equal to the
avoided demand charge. In yet other states the tariff might provide for aratcheting of the
demand if the storage device failed to work as designed for just afew minutes per year. While
each of these regulatory treatments has good underlying rationale, related uncertainty regarding
regulatory treatment currently impedes broader adoption of storage. The non-standardization of
utility rates and treatment impedes the devel opment of a national scale market. It is till
possible, however that each location must be evaluated individually.

Monetization

With regard to monetization, and once again considering the distribution upgrade deferral
opportunity, a utility may or may not be rewarded by its regulators for improving asset utilization
or reliability by using storage. If the utility is rewarded the monetization could take the form of
rate-basing the storage device (or a portion of the device) for every year it isin service.

2-25



National Perspective on Electricity Sorage Benefits

Depending on the form of rate-basing, utilities could even improve their profitability if the
storage device is employed successfully as an alternative to (or hedge against) expensive wires
upgrades.

Another monetization issue arises if a customer installs a storage device and requests payment
for deferring the utility’ s need to upgrade afeeder. Setting aside the requirement that the device
be dispatched to perfectly meet the utility’ s needs on the feeder, how much should the customer
be paid to provide peak clipping services, and in what form on what schedule? How much risk
does the customer bear for perfect storage operation and how does the utility mitigate that risk.
It would seem that these issues could be handled via a performance contract between the
customer and the utility with reasonable expectations of storage reliability.

Customer benefit monetization is not really an issue when the customer installs the storage
devicefor their own needs. Either the customer has determined it isin their best interest to
install astorage device, or itisn't. For example, since most storageislikely to bein placeto
mitigate reliability and power quality problems, it would be assumed that the customer has
aready evaluated the tradeoff between the cost for the storage and the cost of associated power
problems. Thefinancia rewards of installing storage will accrue as losses due to outages and
power quality events are avoided.

Permitting and Siting

Aswith many types of projects, depending on scale, location, processes, and other criteria,
energy storage projects are subject to many institutional challenges that fall into the general
category of permitting and siting.

For any particular circumstance, permitting and siting challenges for storage projects may
include:

e Zoning

e Environmental Impact Studies

e Use Permits

e Building Permits

e Hazardous Materias:. storage, handling and compliance

e Fire-related: rules, compliance and inspections

e Emergency Planning (e.g. evacuation routes and plans)

e NIMBY

Because most utility-related energy storage solutions are not common, siting and permitting

decision-makers tend to have limited familiarity with them and thus, may make unnecessarily
conservative siting and permitting decisions.
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Of course, most alternatives to energy storage face their own set of these challenges. For
example, distributed generation’s air emissions pose a significant permitting challenge in many
areas whereas emissions into the air from most storage processes tend not to be an issue. (Some
types of energy storage do have emissions which may pose a unique permitting and siting
challenge.)

Though lead acid batteries are commonplace some storage technol ogies employ less common
chemicals or rapidly spinning hardware. Until local permitting officials become more familiar
with these materials and operations, permitting and siting may be slow. For areview of current
siting and permitting issues for battery installations see the paper entitled Battery codes and
standards. Changesin 2002 and 2003 presented at the 2003 BatCon conference. [30]

National Perspective on Energy Storage

National Markets and Economic Benefits

Estimates of market potential (in units of megawatts--MW or gigawatts--GW) for storage
equipment in Californiaare shown in Table 2-1. Market potential is shown for each type of
benefit. Also shown are estimates of the possible economic benefits ($Million) associated with
the market potential for respective benefit types. (For more on details about the rationales used
to estimate these market potential values please see reference 18.)

Consider an example. The estimated lifecycle benefit for central generation capacity in
Californiais estimated to be about $215 per kW of storage over ten years. For amarket potential
in California of 3,200 MW the economic benefit is about $688 Million.

Table 2-4 contains financia benefits (per kW of storage), maximum market potential, and ten
year economic benefits (calculated as financial benefits multiplied by market potential) for
California, from Table 2-1.

For context, Table 2-4 also includes estimates of market potential for and potential economic
benefits for the entire the U.S. They were made, based on the California values, using a scaling
factor of eight. That number is derived from three econometric/demographic criteria. They are
the ratio of national to Californiavaluesfor: 1. population, 2. federal income tax revenues, and 3.
economic activity. The scaling factor of 8 is the weighted average value of those three ratios.

Arguably, econometric and demographic criteria are not the most appropriate ones to use for
scaling, relative to electricity-use-related criteria. Indeed, based on per capita electricity use the
U.S. market potential would be 17 times larger than that in California. [37]

For context, the current installed capacity of utility generation in the U.S. is about 900 GW. [39]
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Table 2-4
Benefits, Market Potential and Economic Value Estimates

California National™
Ten Year Maximum Ten-year Maximum Ten-year
Lifecycle Market Economic Market Economic
Financial Benefits] Potential Benefits Potential Benefits
Benefit ($/kw)* (MW)** ($Million) (MW)** ($Million)
Distribution Upgrade Deferral 4
Top 10th. Percentile of Benefits 1.067 160 172 1,280 1,373
Time-of-Use Energy Cost Management] 1,004 4,000 4,021 32,000 32,166
_Power Quality 717 4,000 2,872 32,000 22,973
Reduced Financial Losses
Distribution Upgrade Deferral #
50th. Percentile of Benefits 666 804 536 6,433 4,284
Renewables Contractual Time-of- i
Production Payments| 655 500 328 4000 2,620
Transmission Upgrade Deferral 650" 1,100 710 8,800 5,680
Demand Charge Management 465" 4,000 1,862 32,000 14,897
End-user Electric Se_rV|ce_ReI|ab|I|ty 359 4,000 1,438 32,000 11,501
Reduced Financial Losses
Bulk Electricity Price Arbitrage 200 to 300 735 147 to 220 5,880 1,468
Central Generation Capacity] #
(Avoided Cost or "Profit") 215 3,200 688 25,600 5504
Renewables Capacity Firming 172%# 1,800 310 14,400 2,477
Transmission Supporf] 4
(Avoided Cost or "Profit") 82 1,000 82 8,000 656
Ancillary Services s
(Avoided Cost or "Profit") 72 800 58 6,400 a6l
Avoided Transmission Access Charges 72" ## 3,200 230 25,600 1,843
Avoided Transmission Congestion| St 3.200 230 25,600 1,843
Charges|

*In California

**Qver ten years, based on lifecycle benefits times maximum market potential (market estimates will be lower).
**Ratio U.S. Market Potential / California Market Potential is assumed to be 8.

“Does not include incidental energy-related benefits or costs, if any.

#\Wind generation.

##placeholder values. The actual benefit was not estimated.
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Broad National Role for Electricity Storage

The discussions above on applications and benefits barely begin to scratch the surface of the
ultimate role that storage could play in abroad view of the utility of tomorrow. Individua
benefits and even multiple benefits from a single device are good, but a more holistic view of the
utility of the future leads to much more profound role for storage, especially as performance and
cost improvements continue to be made.

In the broadest sense, storage devices may be the most important element of the power systems
of the future. Storage devices, if inexpensive enough and reasonably efficient, would be of
highest value if placed at or near customers with variable loads. The second best location ison
utility feeders, followed by substations and the transmission system. If these devices are
operated for the common good, the wires could be nearly base-loaded and the reliability of the
system as a whole would be much improved. [7]

While this chapter has addressed utility and customer applications of storage, customer-utility
partnerships may be even more important. Since storage is so flexible in siting and operation,
either party could own a device and yet operate it to their mutual benefit. Performance contracts
would be a reasonable way to manage the economic transactions.

Energy Service Companies (ESCO) could also have an important role using storage. The
customer-utility partnerships mentioned above could be facilitated by athird party who contracts
with the customer and the utility. While deals could be designed in many ways, the ESCO could
own and operate the device, guarantee its operation, and serve as an aggregator of many such
devices. Such aggregation may allow the regulators to allow tariff design more acceptable to
storage device owners, for instance allowing for rare failures to reduce demand levels, while
keeping the aggregate demand of a group of customers below some limit. In general, the advent
of a storage opportunity for ESCOs would remove hassle and market hurdles for storage.

There are opportunities for National security enhancement with storage. As has been shown on
August 14, 2003 in the East and Midwest, the utility grid is not immune to major outages. While
the recent outage was not caused by sabotage of utility operations, the same effect could have
occurred due to terrorist actions. Storage could have played a major dampening rolein the
recent outage, as could have distributed generation. With its multiple benefits and easy siting,
storage could have dampened the oscillations in a system, lessening the need to trip generators or
drop load. The devices could earn standard benefits during times of normal operation.

If storage were used to protect sensitive customer |oads national productivity would improve.
EPRI has estimated that the annual lost productivity due to shorter duration power quality events
and service disruptionsis at least $53 Billion per year (in 2001). Losses due to outages and
disruptions of al types are about $119 Billion (2001). Thereisan increasing societal need for
better power quality and reliability due to an expanding digital economy. [23][24]

While storage does not create electricity it can nonetheless have an important role in pollution
mitigation. Large power plants are amost always dispatched based on their incremental cost of
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energy production. Asload increases during a day, more expensive power is brought on line.
These plants need to be ready to respond quickly (contractually and physically), this entails
literally warming up the unitsin many cases hours before any power is needed. Not only isthisa
waste of fuel, it causes extraemissions. Storage could be used to reduce the need for much of
the warm standby of power plants.

A similar situation involves partia loading of power plants. Generating plants are designed to
operate at or near peak output. Plant air emissionsincrease and fuel efficiency drops when
plants operate at part load. Again storage can be used to allow plants to operate as designed,
storing excess energy or discharging during under-supply conditions, for reduced air emissions.
(This does not include consideration of storage efficiency. Losses associated with energy storage
will partially offset emission reductions from generation.)

Based on EPRI’ s Energy Storage Roadmap, developed in early 2003, EPRI envisions a future
(2025) when energy storage capacity is equal to 10% to 20% of the installed generation capacity
(up from 2.5% in 2003). As part of that capacity, some would beinstalled at transmission hubs,
in part, to increase transmission line current carrying capacity by 10 percentage points (from
typical values of 40% to 50%). Similarly use of storage at distribution substations and on
circuits could increase distribution system asset utilization by 15 percentage points; current
levels range from 35% to 45%. [ 2]

Societal Perspective

The utility business as it now standsis based on averaging. The demand and energy rates a
customer pays are negotiated values based on past and projected utility costs and customer type
consumption patterns. Typically within a utility each customer type (residential, commercial and
industrial) is offered identical rates based on these averages, glossing over the locational
differencesin providing that power and energy, and the individual needs of each customer for
better or worse reliability and/or power quality.

This ratemaking approach is simple enough but overlooks the opportunity to have rates track true
utility costs, and to bill each customer more accurately. If utility rates tracked costs, the true
value of distributed electricity storage would be much more obvious. If there were planning,
operational and regulatory treatments which began to include these real effects, storage would be
much more valuable and hence much more in demand.

The utility of the future is almost certain to be more information intensive. Looked at
historically, Edison’sfirst Pearl Street Station only needed to know its own status and whether it
was truly connected to its customers or not. Asthe size of power plants grew more datawas
needed to operate the plants efficiently. When transmission systems began to link these plants to
more distant load centers, even more information needed to be processed to coordinate plant
power levels and consumption locations. The utility of the future will require this type of
coordination and much more. Not only have changes in regulation brought more playersinto the
game (independent power producers, energy service companies, etc.), the data intensive nature of
businessitself has demanded digital quality power to critical loads. Storage has avery valuable
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rolein responding to real time adjustments needed to keep the data intensive power systems of
the future operating reliably and efficiently.

Market Conditioning and Research Needs and Opportunities

Market Conditioning Needs

For storage to be a substantial part of the power system, certain changes may need to be madein
how the marketplace rewards or allows storage to participate. No subsidies are needed; what is
needed is a marketplace which recognizes and monetizes the extra benefits storage can deliver.
The following would be advantageous to storage and many other emerging technologies:

1. Favorable field experience with storage systems. As research and development projects
demonstrate the safety and effectiveness of storage systems, potential users will feel more
comfortable specifying their use.

2. Storage devices allowed into utility rate base for al applications. Utilities should be allowed
to use (and recover costs from) storage devices as they would wires or transformers.

3. Tariffswhich differentiate by quality of service and location, and recognize the cumulative
benefits of multiple devices. If customers begin to pay for improved power quality or
reliability, the value of storage systems becomes obvious. Similarly, if customers are
providing benefits to utilities due to their storage systems, the utility should be encouraged to
share those benefits. Tariffs should be designed to minimize penalties for customers solving
their own problems.

4. Commercia and regulatory environment that allows the sharing of benefits by multiple
organizations. Without the ability to write the performance based contracts referenced
above, storage will probably remain a niche product.

5. Tax credits or incentives that reward the grid security and reliability increases due to storage.

6. A fungible market for “upstream” benefits such as transmission and distribution support,
generation capacity, ancillary services and line loss reductions. While many storage benefits
arerea, very few mechanisms exist to reward the owners of systems for the benefits they
provide. The transaction costs of rewarding benefits need to be reduced.

R&D Needs and Opportunities

Storage is not acommon element of today’s power systems, yet its promise is obvious. What are
the barriers to storage entering the power system and providing sizable benefits to utilities,
customers and society, and what research and development activities do those barriers indicate?

Aswith many emerging technologies, storage presents a chicken and egg problem. If storage
devices were much less expensive, more efficient and had proven reliability and applicability,
their path to market would be easy. In the absence of those features, there islittle incentive for
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an individual storage technology developer or utility to lead the way in solving all of those
problems alone, hence there is a natural role for broadly supported, both government and private,
research and development.

Storage for power applications may be on the verge of synergy with transportation applications.
The economies of mass production for medium sized storage technologies and applications may
be hastened by the transportation sector. Not only standard car batteries but also cutting edge
technologies are emerging as part of hybrid, electric and hydrogen powered vehicles. Advanced
power electronics cost and performance are likely to advance quickly once these transportation
markets begin to grow.

Thefollowing isalisting of key R&D needed for energy storage to flourish based on sound
technical and financial criteria. There are four categories:

e Technology Improvements

o Field Tests (to make market entry and early adoption less risky)

e Planning Models Incorporating Storage and Storage Evaluation Tools

e Validation and Verification of Technical Criteria Affecting Energy Storage Benefits

Technology Improvements
Key Objectives: reduced storage capital and variable operation cost, sophisticated operations.

Though storage technology may indeed be a commercially viable solution in a growing number
of circumstances, there are additional technology-related R& D devel opments which will affect
storage' soveral viability. Examplesinclude improvements that make storage: @) less expensive
to manufacture, b) less expensiveto install, b) less expensive to operate, and d) easier to control
and operate under arange of circumstances, needs, and conditions. Improvements are needed in:

e System integration, leading to the existence of full turnkey storage systems with plug and
play capability, for the smaller systems

e Scale-up of prototype devicesto full application sizes
e Development of modular storage designs and demonstration of aggregation

e Development and improvement of the supporting technologies (i.e. power electronics,
advanced storage devices, control systems, etc.)

e Development of high voltage, high power, combinations of modular storage devices (e.g.
electrochemical capacitor modules, flywheel arrays, improved understanding of the string
behavior of batteries)

e Longterm, basic research on storage technologies to improve life time, energy and power
density

e Capital cost reduction especially at mass production levels
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e Full understanding and reduction of operations and maintenance costs eventually leading to
warranties and performance guarantees

e Energy storage efficiency improvements
e Provenreliability of system performance
e “Smart” network control systems

e Certification, e.g. by UL and IEEE

Field Tests
Key Objective: make market entry and early adoption less risky.

Before energy storage is embraced as a mainstream option, potential users must have some sense
of therisks. One key source of knowledge needed to ascertain that risk is actual experience with
storage under realistic conditions. To date there is a dearth of such field experience with storage
used for several important benefits, especialy distributed benefits and benefits associated with
transmission operations.

Thefollowing isalisting of the types of field experience needed for a broad selection of storage
technol ogies and applications:

e Validation of system performance (efficiency, variable operations and maintenance,
reliability, projected lifetime)

e Confirmation of system costs
e Improved visibility of storage successfully solving real world problems cost-effectively

Planning Models Incorporating Storage and Storage Evaluation Tools
Key Objective: enable credible evaluation of storage as an option.

Utilities, utility regulators, and non-utility third parties all use models to evaluate needs for and
effects from various power technologies. For example, utilities use models to optimize their
electric resource mix and power engineers evaluate electrical effects of various circuit
configurations and contingencies. For the most part, these models do not accommodate storage
well. Animportant way to enable broader use of storageisto develop meansto evaluate its
financial and electrical effects.

Thefollowing is alisting of possible model-related R&D:
e Development of certified storage dispatch algorithms to maximize benefits

e Development of improved utility planning models (generation, transmission and distribution)
which include storage as an option
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e Development of improved utility operational models (generation, transmission and
distribution) which include storage as a component

e Anaysisof combination of benefits to assure additivity and physical and business
compatibility

e Full understanding of storage value propositions, market potential and commercialization
pathways, for al utility and end-user market sectors and applications

e Credible and thorough understanding of storage costs versus performance tradeoffs

e Development of innovative market rules which allow the value of storage to be seen in the
marketplace (tariffs, regulatory treatment, etc.)

e Development of streamlined siting and permitting for storage

Validation and Verification of Technical Criteria Affecting Energy Storage Benefits

Key Objective: provide confirmation of benefits using monitoring, measurement, and analysis
of technical criteria

An important challenge for early adopters of electricity storage (for less familiar applications) is
the need to develop a credible, defendable estimate of benefits. Without tools or field experience
thisisdifficult. So, in addition to model and field testing R&D listed above, it is also important
to provide means to include, measure, and validate all benefits associated with use of electricity
storage.

These are the types of activities needed:

e Credible and quantitative inventory of storage benefits

o Field validation of quantitative benefits of storage systems, for a broad selection of storage
applications and benefits

e Fied confirmation of qualitative benefits of storage systems, for a broad selection of storage
applications and benefits

¢ Reduction of barriersto monetization of benefits
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3

T&D APPLICATIONS FOR BENEFIT — COST
ASSESSMENTS

This chapter describes the T& D applications for energy storage addressed in this Handbook.
Single function applications are identified within four broad categories — Grid Stability, Grid
Operationa Support, Distribution Power Quality and Daily Load Shifting — and a tabular
summary of top-level energy storage system requirementsis provided for those applications.
Note that other utility-scale energy storage applications exist, but which are generally identified
with the generation sector or the end-user sector. A prominent candidate in the former category
iswind power stabilization and/or optimization that can also involvethe T utility. For the latter
category, there are many large end-user applications that could involvethe T or D utility. An
exampleis starting-up and stopping electric trains, with the opportunity of power demand
reduction and energy recovery viaregenerative braking. Such applications may be added in
future updates and expansions of the Handbook.

The energy storage technologies addressed in this Handbook are also introduced and correl ated
with both single and combined function applications for which they are deemed best suited. The
suitability of technologies for applications is based on technical attributes and benefit-cost
assessments presented in the respective energy storage technology chapters.

Description of Single Function T&D Applications for Energy Storage

Grid Stabilization

Grid stability is the ability of atransmission grid to regain a state of operating equilibrium after
being subjected to a disturbance, so that essentially the entire system remainsintact. Grid
stability is classified in Figure 3-1 on the basis of the following considerations (adapted from

[1]):

e Thephysical nature of the potential instability

e Thesize of the disturbance considered

e Thetimeintervals needed to establish stability

In the daily operation of any grid power system, overall system security as well aslocal
reliability requirements are determined so as to guard against thermal overload and/or instability
in the event of credible contingencies. Based on the accepted NERC criteria (which may vary by

region, e.g., the Western Electricity Coordinating Council (WECC)), a credible contingency may
include the forced (unplanned) outage of a single major element such as aline, transformer, or
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on-line generator (n-1 contingency), simultaneous outage of two major elements

(n-2 contingency), and in rare cases, outage of more than two elements (cascading events).
Often, these security and reliability requirements result in the transmission system being
operated at alevel below itsrating, resulting in corridors of constrained power flow, or
“bottlenecks.”

Grid
Stability
Rotor Angle | *Frequency |} Voltage
Stability }  Excursion Stability
1 Suppresson
[ | ! [ |
Small-Disturbance Transient ! Large- Small-
: Disturbance Disturbance
| | !
________ o | [
v N | |
Short Term S S a e - Short Term Long Term
! Short Term E i Long-Term !
1 1

*Frequency Excursion events can challenge operational equilibrium, but are not characterized via classical stability
analyses in the manner of Rotor Angle and Voltage Stability.

Figure 3-1
Classifications of Modes of Grid Stability

Accordingly, stored energy strategically introduced within the overall grid can potentially alter
the definition of credible contingencies such that the transmission capacity of the system s
increased. Rotor angular stability, frequency excursion suppression and voltage stability are
characterized below for later use in evaluating the economics of alternative energy storage media
that are deployed as a means of increasing transmission or distribution system capacity and
reliability.

While thermal overload is a quasi-steady-state phenomena (10s of minutes); angular and voltage
instability are dynamic phenomena (afew to 10s of seconds). Under steady-state conditions both
before and after a contingency, transmission line flow levels and substation voltages must stay
within specified limits. Even if afeasible post-contingency steady-state condition may exist,
instability may prevent transition to such a state, and result in loss of synchronism, cascading
outages, or voltage collapse.

Rotor Angle instability occurs when afault (e.g., short circuit) occurs on a transmission
component that initially causes one or more generators to accelerate, leading to weakly coupled
electromechanical oscillations with other generators on the grid. If such generator oscillations
are not damped, an unstable operating condition may emerge as generators lose synchronism
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with the grid and trip off line. In addition, if other transmission equipment fails, affected circuits
may overload and in turn may trip out of service, which then leads to more overloads and
potential system instability.

Voltage instability can occur when aload and the associated transmission system require alarge
amount of reactive power (compared to the real power component of the load), exceeding the
capability of available reactive power sources. Under this condition, anincreasein load is
accompanied by a drastic voltage drop and the voltage “collapses.” This condition is usually
caused by contingencies leading to (generally localized) high power flows that create an
increased demand for reactive power due to increased line loadings.

Frequency Excursion Suppression can occur following a severe system upset resulting in a
significant imbalance between generation and load. Generally, problems related to frequency are
associated with inadequate equipment response, poor coordination of control and protection, or
insufficient generation reserve. Such problems can be brought on by market circumstances, such
as contracts with provisions for abrupt power supply and termination.

Any of these conditions can lead to system segmentation and/or failure, and interruption of
service to customers. While al are interdependent system-wide phenomena, angular instability
and frequency excursion events can be thought of as * generation-driven”, and voltage instability
as“load-driven”, in that the initiation of unstable conditions and the processes for event
mitigation tend to be dependent on, or particularly sensitive to those component properties.
While systems with highly meshed networks are predominantly constrained by combinations of
voltage stability and thermal limits, systems with load centers and generation separated by long
distances are more likely to be limited by combinations of thermal and angular stability limits.
Also, these phenomena are not isolated events, and may occur concurrently and/or be
interrelated. The August 14, 2003 Blackout for a major area of the East and Midwest highlights
this complexity and the importance for improved systems and procedures to manage the grid.

In the context of transmission and/or distribution utility stakeholder economics, it isimportant to
note that the requirements for energy storage to mitigate the consequences of these events are
dependent on the location within the grid that the remedy can be introduced. For example, in
most cases, angular instability contingency events could be mitigated by mechanical means (e.g.,
fast acting pressure relief valves, power stabilizers, etc.) introduced proximate to the affected
generators. Likewise, in most cases, voltage instability limits can be addressed by providing
additional reactive power resources proximate to critical loads. However, access to proximate
sites and the means for investment recovery may not exist for the transmission and/or
distribution utility whose transmission capacity is constrained by these contingencies.
Expansions for each of these instability phenomenafollow. The foregoing was adapted from [2].

Rotor Angle Stability

The relative angular positions of rotors of synchronous machines remain constant (synchronized)
when no disturbance is present. If power flows in an interconnected transmission system change
too much or too suddenly (such as loss of a major transmission line), some machines may lose
synchronism. Onetype of rotor angular instability islong term dynamic instability, which
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results in undamped electromechanical oscillations. Such electromechanical oscillations may
involve a number of generators widely separated geographically (inter-area oscillations) and may
appear when system loading is increased across a weak transmission link. 1f not controlled,
these oscillations may lead to total or partial power interruption. For example, for heavy power
transfers from East of the Colorado River (EOR) to California, one of the critical disturbances
that results in undamped electromechanical oscillationsis a three-phase fault at the Palo Verde
500kV bus followed by the loss of the Hassayampa - North Gila500kV line. Thisline, near the
Colorado River, is one of the mgjor tie lines between Arizona and Southern California. Thisis
generaly the limiting contingency when determining Southern Californiaimport capability.
Moreover, the import capacity is affected by the amount of generation on-line within Southern
California. Figure 3-2 illustrates oscillations for a*“marginally damped” loading combination
(solid line) and for an undamped condition caused by only a 10M W, load increment West of
River (WOR) (dashed line). If unchecked, such an undamped condition would lead to system

breakup (i.e., further tripping of lines or generators) [3].
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Figure 3-2

Southern California Intertie: Marginal Damping and Effects of 10MW Load Increment

As previoudly noted, in some system configurations, angular oscillations can be controlled by

electromechanical devices at the generation plants, e.g., fast relief valves, power system
stabilizers, etc. Other circumstances may benefit from switching stored energy between charge —

discharge modes at the frequency of the oscillation (e.g., 0.5to 1.0 Hz) over aperiod of afew
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10's of seconds. Thistype of solution with superconducting magnetic energy storage (SMES)
has been studied extensively by West Coast utilities. Other technologies, including
ultracapacitors, flywheels and some batteries may also be suitable.

Since limits on Southern California Import Transmission (SCIT) are established on the basis of,
among other things, the inherent inertia of the generation on-line [4], another possible strategy to
address rotor angle instability contingencies isto introduce a“ prompt spinning reserve” (PSR)
energy storage system that enables conventional spinning reserve generation to be brought on-
line, thusincreasing the available transmission capacity (see further discussion of PSR in the
next section). This strategy to utilize energy storage is similar to that considered by 1SO-NE to
address voltage instability conditions as described in the section titled V oltage Stability.

Frequency Excursion Suppression

Freguency excursion suppression provides the power grid system the ability to maintain steady
frequency within anominal range following a severe system disturbance caused by, or resulting
in, asignificant imbalance between generation and load. Stable operation depends on the ability
to quickly restore balance between system generation and load, with minimum loss of load. The
excursions that may occur in the form of sustained variances of system frequency from normal,
leading to tripping of generating units and/or shedding of loads.

Severe system disturbances generally result in large excursions of frequency, power flows,
voltage, and other system variables, thereby invoking the actions of processes, controls, and
protections that are not modeled in conventional transient stability or voltage stability studies.
These processes may be very slow, such as boiler dynamics, or only triggered for extreme
system conditions, such as volts/hertz protection tripping of generators. In large interconnected
power systems, this type of situation is most commonly associated with “islanding” (i.e., a
condition in which a portion of the utility system that contains both load and generation is
isolated from the remainder of the utility system). Operational stability in this case is a question
of whether or not each island will reach a state of operating equilibrium with minimal loss of
load. It isdetermined by the overall response of the island as evidenced by its mean frequency,
rather than relative motion of machines. Generally, problems related to frequency are associated
with inadequate equipment response, poor coordination of control and protection, or insufficient
generation reserve.

Over the course of afrequency excursion event, the characteristic times of the processes and
devicesthat are activated by the large shiftsin frequency and other system variables will range
from a matter of seconds, corresponding to the responses of devices such as generator controls
and protection, to several minutes, corresponding to the responses of devices such as prime
mover energy supply systems, load voltage regulators and |oad shedding controls.

Fregquency excursions may be impacted by fast as well as slow dynamics, and the overall
timeframe of interest may extend from several secondsto several minutes. Therefore, as noted
in Figure 3-1, frequency excursions may be a short-term phenomenon or along-term
phenomenon. An example of short-term frequency instability is the formation of an under-
generated island with insufficient load shedding options such that frequency decays rapidly
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causing blackout within afew seconds. On the other hand, more complex situationsin which
frequency excursions are caused by steam turbine overspeed controls (or boiler/reactor
protection and controls) are longer-term phenomena with the timeframe of interest ranging from
tens of seconds to several minutes.

Energy storage systems equipped with fast-acting grid interface power electronics offer an
aternative to the traditional strategy of maintaining adequate spinning reserve margin to mitigate
frequency contingencies. In response to such events, energy storage systems can supply
“prompt” spinning reserve (PSR), i.e., rated power deployed within afew cycles for a sufficient
period to enable other generation assets (e.g., Replacement Reserves) to be brought on line. The
PSR approach avoids the capital and operating costs associated with continuously operating
Spinning reserve generation at part load and can be designed to provide regulation, voltage
control and black start capability within the same facility. Asthe energy storage industry
matures, it islikely that PSR will be considered within the energy market as an “ancillary
service”. Asdescribed in the following paragraph, the PSR concept is being demonstrated by the
Golden Valley Electrical Association (GVEA) [Fairbanks, Alaska] as an alternative to increased
spinning reserve margin to avoid future occurrences of the event that occurred on April 19, 1997
asillustrated in Figure 3-3.
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Disturbance on GVEA System Following Loss of 25MW,. Generation

The figure shows the response of a disturbance on the GVEA system that occurred following the
loss of a25 MW coal fired power plant in Healy (100 miles from Fairbanks). The chart was
developed from amonitor at Goldhill substation located in Fairbanks. At the time of this system
disturbance, the load in Fairbanks was being served by a combination of local generation (with
no reserves) and a 60 MW, import over the 138 kV Northern Intertie from Anchorage (400
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miles away). Of the 60 MW on the Intertie, 25 MW . were from Healy. Following the loss of
the Healy plant, generation in Anchorage responded and overloaded the Intertie (due to excessive
linelosses). Thisresulted in voltage and frequency decay on the Fairbanks end of the Intertie, to
which Static VAR Compensators (SVCs) at Goldhill and Healy responded until reaching their
limits (33 MVAR @ Goldhill). Because VAR support was still inadequate, the voltage decayed
to 0.43 PU at which time arelay opened the Intertie line breaker at Goldhill Substation. After
the breaker opened, Fairbanks was in an islanded condition with insufficient generation.
Frequency continued to decay until sufficient load was shed to stabilize the system [5]). To
address such events, GVEA isintroducing battery energy storage to deliver 40 MW for 15
minutes full power discharge. This project is discussed in more detail in Chapter 7, Nickel
Cadmium Batteries.

Voltage Stability

Theoretically, voltage stability is challenged by either a sudden increase in demand or decrease
in generation; however, the latter israre. Because of the fundamental relationships between |oad
and voltage, maintaining adequate reactive power is critical to ensuring voltage stability. Since
inductive line losses make it inefficient to supply alarge amount of reactive power over long
transmission lines, loads requiring high in-rush currents such as large motors must be supported
locally. Voltage instability induced by major disturbances such asloss of generation or
transmission assets is characterized by scenarios of system response such as |oad recovery or
shedding actions, regulation control, etc. The following is arepresentative scenario [6]:

e High voltage transmission lines serving the critical area are heavily loaded and proximate
generation capacity istemporarily reduced due to an unplanned outage. The adequacy of
reactive power reservesis marginal or reserves are distant from the critical area.

e A transmissionlineislost. Theloading on the remaining lines, as well as the inductive
reactive power, increases.

e Theload voltage decreases, which momentarily decreases the load demand and the |oads on
high voltage transmission lines. However, the voltage control of the system quickly restores
nearby generator terminal voltages by increasing excitation. The additional inductive
reactive power at the transformers and transmission lines causes additional voltage drop at
these components.

e After afew minutes (depending on time delay characteristics) on-load tap changers at
distribution substation transformers restore distribution network voltages. Increased voltage
also increases load demand which increases transmission line current, causing greater voltage
drop in these lines.

e Theincreased demand for reactive power increases the reactive output of the generators.
When a generator hits the reactive power limit, its terminal voltage decreases, and its share of
reactive power demand is shifted to another generator farther away from the critical area.
Thiswill lead to cascading overloading of generators. Fewer generators are available for
voltage control, and they are located yet farther from the critical area. The decreased voltage
at the transmission system reduces the effectiveness of shunt capacitors by the square of
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voltage. The system becomes prone to voltage instability, which may lead to voltage
collapse.

Although the introduction of real power istheoretically unnecessary to establish voltage stability,
analyses indicate that a small amount of real power significantly improves system performance
by increasing the rate at which stability is restored and/or by decreasing the rating required of the
power conditioning system, as well as the amount of reactive power needed.

Such relationships areillustrated in Figure 3-4 which shows the results of analyses of Wisconsin
Power System’s (WPS) Northern Loop where 115kV line outages caused low voltages and fast
voltage collapse on the system. Asindicated in the figure, the options evaluated are Static VAR
Compensators (SVC), distributed STATCOMSs and distributed STATCOM s with additional
energy storage ([ 7], [8]). Note that the distributed STATCOM enabled voltage recovery to 0.8
Vpu Well within the system criteria of less than 0.5 seconds after fault clearing, as required by
certain high value customers on this system [9]. Alternatively, these criteria could have been
met with smaller STATCOM s equipped with additional energy storage, as suggested by the
figure.
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Figure 3-4

WPS Northern Loop Stability Analysis Showing Introduction of Energy Storage

Asaresult, WPS introduced six, 3 MW/6 MVAR SMES-based STATCOMs (American
Superconductor “D-SMES”) strategically located in their system having energy storage capacity
nominally equal to 1 second full power discharge per unit.
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A different strategy to address voltage instability contingencies was considered by the
Independent System Operator of New England (ISO-NE) when the capacity of the 2000 MWy
intertie with Hydro Quebec was limited to aslow as 1200 MW, [10]. While this contingency
could have been remedied with the installation of reactive power proximate to load centersin
New Y ork, no means existed for NE transmission utilities to recover the investment. However,
an alternative solution consisted of introducing 15 minutes of energy storage accessible at full
power within one second at the Sandy Pond substation, located near Boston. Such an energy
storage installation serves as * prompt spinning reserve” (PSR) that would enable conventional
spinning reserve generation to be brought on-line, thus increasing the available transmission
capacity. Thisexample illustrates the importance of location in identifying strategies to employ
stored energy systems. Note, PSR is not the usual solution for voltage stability contingencies (see
the previous section for amore complete discussion of PSR). Because the combination of
circumstances at the Sandy Pond terminal is uncommon, this case is not considered to be a
market application for the purposes of this Handbook. However, the issues that confronted NE-
ISO illustrate the complexity of both grid phenomena and institutional constraints for which
energy storage systems may offer attractive solutions.

Grid Operational Support

The electric power system has two unique characteristics. the need to maintain a near real-time
balance between generation and load and the need to adjust generation (or load) to manage
power flows through individual transmission facilities. These requirements are not new -
vertically integrated utilities have been meeting them for a century as anormal part of
conducting their business. With restructuring, however, the attendant “break up” of the
vertically integrated system meant that the new market participants without specific market
incentives to do so might no longer provide the services needed to meet these requirements.
Ancillary services, asthey are now called, are those functions performed by the equipment and
people that generate, control, and transmit electricity in support of the basic services of
generating capacity, energy supply, and power delivery. The Federal Energy Regulatory
Commission (FERC), inits landmark restructuring Order 888, defined such services as those
"necessary to support the transmission of electric power from seller to purchaser given the
obligations of control areas and transmitting utilities within those control areas to maintain
reliable operations of the interconnected transmission system.” This statement recognizes the
importance of ancillary services for both bulk-power reliability and to support commercial
transactions. Order 888 listed six such ancillary services and provides a market mechanism for
their supply in the interconnected transmission system.

Of the six FERC-defined ancillary services, storage technologies appear best suited to provide
four: regulation, contingency reserves (spinning reserve, supplemental reserve, replacement
reserve), voltage support, and possibly black start!, though the latter two are judged not to offer
attractive incentives in the current market (see additional discussion below). Brief descriptions

! The names and exact definitions applied to ancillary services differ from region to region, but technical
requirements are essentially the same.



T&D Applications for Benefit — Cost Assessments

and typical duty cycles for these services are listed in Table 3-1, and more thorough
characterizations are provided in the following sections.

Table 3-1

Definitions of Ancillary Services

Service

Service Description

Regulation

Spinning
Reserve

Supplemental
Reserve

Replacement

Reserve

Voltage Control

Black Start

Power sources online, on automatic generation control, that can respond
rapidly to system-operator requests for up and down movements; used to
track the minute-to-minute fluctuations in system load and to correct for
unintended fluctuations in generator output to comply with NERC’s Control
Performance Standard (CPS) 1 and 2 [11].

Typical Duty Cycle: System response within about 1 minute to
continuously correct cyclic variations in grid frequency ranging from 2 to 20
cycles per hour.

Power sources online, synchronized to the grid, that can increase output
immediately in response to a major generator or transmission outage and can
reach full output within 10 minutes to comply with NERC's Disturbance Control
Standard (DCS)

Typical Duty Cycle: Immediate response reaching full power within about
10 minutes and providing full power for up to 2 hours, called upon 5 to 20
times per year.

Same as spinning reserve, but need not respond immediately; therefore units
can be offline but still must be capable of reaching full output within the
required 10 minutes

Typical Duty Cycle: Full power within about 10 minute to provide power for
up to 2 hours, called upon 5 to 20 times per year.

Same as supplemental reserve, but with a 30-minute response time, used to
restore spinning and supplemental reserves to their pre-contingency status

Typical Duty Cycle: Full power within about 30 minute to provide power for
up to 2 hours, called upon 5 to 20 times per year.

The injection or absorption of reactive power to maintain transmission-system
voltages within required ranges

Typical Duty Cycle: Immediate response to continuously provide reactive
power at grid frequency (e.g., 60 Hz)

The ability of a power source to go from a shutdown condition to an operating
condition without assistance from the electrical grid and to then energize the
grid to help other generating units start after a blackout occurs

Typical Duty Cycle: Full power within minutes for durations up to a few
hours, if applied directly for large generation plants. Deployment is rare,
testing is conducted semiannually.
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Overview of Ancillary Services Markets

Hourly markets for regulation and the contingency reserves (spinning, supplemental, and
replacement) exist or are being formed in most 1SO regions. This trend has emerged in response
to agrowing number of potential suppliers from which these services can be obtained.
Conseguently, commaodity markets can be used to obtain the needed services from the lowest
cost suppliers. Such markets can reveal value through prices and duty criteria, allowing a
storage owner to determine which services can be profitably supplied. Commodity markets, as
opposed to long-term contracts, are typically highly competitive because a resource’ s ability (and
cost) to supply each of these services varies as its position in the hourly energy market varies.
Thus, a storage owner would need to assess his position in the energy and ancillary services
markets daily (or hourly) to determineif it is currently more profitable to arbitrage energy (buy
low, sell high), sell regulation, sell spinning reserve, or perform a combination of functions.

The decision of which markets to participate in for a given hour will be based upon the current
market prices for energy and ancillary services and upon the current capabilities of the storage
facility. Once experience is gained with these markets, much of the decision process can be
automated. The regulation and reserves markets are addressed in more detailed below as they
are the primary candidate applications for energy storage.

Voltage control is the use of generating and transmission-system equipment to inject or absorb
reactive power to maintain voltages on the transmission system within required ranges [12].
FERC decided that the costs of voltage control provided by transmission equipment (e.g.,
capacitors, tap-changing transformers, condensers, reactors, and static var compensators) should
be incorporated into the basic transmission tariffs, and not valued separately. FERC decided that
voltage control provided by generators should be a separate service. In general, generators can
change their production and absorption of reactive power much more dynamically than can
transmission related voltage control equipment. Rulesfor storage systems capable of reactive
power support are yet to be addressed.

Because reactive power losses are much greater than real power lossesin the T& D grid, voltage-
control equipment must be dispersed throughout the system and located close to where the
voltage support is needed. This also means that competitive markets are typically not practical
for obtaining voltage control since there are too few potential suppliers at each location to
compete. Instead, system operatorsinstall transmission equipment (tap changers, capacitors,
reactors, static var compensators, etc.) to address voltage problems and/or they obtain voltage
support from local generators. In some places, the generators are paid for this voltage support
while in others they are simply required to supply voltage support capability as a condition of
interconnecting with the power system.

Some storage technol ogies equipped with the appropriate four quadrant power conversion
systems can be ideal suppliers of dynamic reactive power for voltage support. Their power

el ectronic interfaces enable them to operate as a static var compensator, with no impact on the
real energy being stored. In locations where voltage control is required, energy storage system
owners may be compensated for such voltage control.
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System black start capability is the ability of generating units to go from a shutdown condition to
an operating condition without support from the grid. This capability, coordinated by the system
operator, is essential during large-scale blackouts and islanding because such units can start
themselves and then produce power that can be used to energize the grid and provide power to
start other generating units. This serviceis, like voltage control, somewhat |ocation dependent.
System black start capability is typically obtained through long term contracts with black start
capable generators [13].

Energy storage systems with the appropriate grid interface are able to provide system black start.
Black start units need to have significant real and reactive power capabilities (typically 10 MVA
or more) so that they can energize transmission lines, control voltage, control frequency, and
supply the large and dynamic loads at the next-start generators. Black start capability can be
provided with energy storage systems equipped with sufficient energy for several hours of power
or, depending on the proximity of generators, with sufficient energy to deploy generators from a
cold state, e.g., 15 minutes to one hour for gas turbines.

Regulation

Because electricity is areal-time product, control-area operators must continuously adjust
generation to meet load. Load following (which, in competitive spot marketsis provided by the
intra-hour workings of the real-time energy market) and regulation are the two services required
to perform this function [14].

Figure 3-5 shows the morning ramp-up broken into base energy, load following and regulation.
Starting at a base energy of 3566 MW . the smooth load following ramp is shown rising to

4035 MW,.. Regulation isthe rapid fluctuations in load around the underlying trend shown here
on an expanded scal e to the right with a£55 MW range. Combined, the three elements serve a
load that ranges from 3539 to 4079 MW 4. during these three hours.
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Figure 3-5
Load Following and Regulation Separate From Total Load

3-12



T&D Applications for Benefit — Cost Assessments

Load following and regulation ensure that, under normal operating conditions, a control areais
able to balance generation and load. Regulation isthe use of on-line generation (or storage) that
is equipped with automatic generation control (AGC) and that can change output quickly (at the
rate of a megawatt per minute) to track the moment-to-moment fluctuations in customer loads
and to correct for the unintended fluctuations in generation. In so doing, regulation helps to
maintain interconnection frequency, manage differences between actual and scheduled power
flows between control areas, and match generation to load within the control area. Load
following is the use of on-line generation (or storage) equipment to track the intra- and inter-hour
changes in customer loads. Regulation and load following characteristics are summarized in
Table 3-2.

Table 3-2
Regulation and Load Following Characteristics

Regulation Load Following (LF)
Patterns Random and uncorrelated Highly correlated
Control Requires AGC Can be manual
Maximum swing Small 10-20 times greater
Ramp rate (MW/min) 5-10 times more than LF Slow
Sign changes per unit time 20-50 times more than LF Few

Control area operators do not need to specifically procure load following, since it is within the
capability of generators and routinely obtained from the short-term energy market as generators
respond to real-time energy prices. Regulation, however, requires faster response than can be
obtained from units responding to market signals alone. Instead, generators (and potentially
storage) offer capacity that can be controlled by the system operator’s AGC system to balance
the power system.

Control areas are not able, and not required, to perfectly match generation and load. NERC has
established the Control Performance Standard (CPS) in two categories to define the amount of
permissible imbalance for reliability purposes, CPS1 and CPS2. CPS1 measures the relationship
between the control area's area control error (ACE)? and the interconnection frequency for a 1-
minute period. CPS1 values can be either "good" or "bad." When frequency is above its
reference value, under-generation will lower the frequency and correct the CPS1 value. Over-
generation at such times, however, would further increase frequency and degrade the CPS1
value. CPSL, athough recorded every minute, is evaluated and reported on an annual basis.
NERC sets minimum CPS1 requirements that each control area must exceed each year.

CPS2, amonthly performance standard, sets control-area-specific limits on the maximum
average ACE for every 10-minute period. Control areas are permitted to exceed the CPS2 limit

2 Area Control Error is the difference between scheduled and actual net interchange with a bias included to help
maintain scheduled system frequency.
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no more than 10% of the time. This 90% requirement means that a control area can have no
more than 14.4 CPS2 violations per day, on average, during any month.

Energy storage installations capable of a high number of cycles should provide excellent
regulation because this function nets a zero change in stored energy., i.e., it requires continuous
cycling. The quick response and precise control offered by storage is also superior to the control
capabilities of many conventiona generators.

Contingency Reserves

Contingency reserves (spinning, supplemental, and replacement reserves) restore the
generation/load balance after the sudden unexpected loss of a major generator or transmission
line. Power system frequency drops suddenly when generation trips and there is no time for
marketsto react. Inthe caseillustrated in Figure 3-6, frequency sensitive generator governors
responded immediately to stop the frequency drop. Spinning and supplemental reserves
successfully returned frequency to 60 Hz within 10 minutes®. Control areas (or reserve sharing
groups) typically keep enough 10-minute contingency reserves (spinning and supplemental)
available to compensate for the worst credible contingency. At least half of these are often
required to be spinning. Sufficient replacement reserves are typically required to cover 50% of
the second worst contingency. The largest contingencies are typically the loss of the largest
generator or the largest importing transmission facility. In Texas, the simultaneous loss of atwo
unit nuclear plant is credible (as shown by the event recorded in Figure 3-6), so the Electric
Reliability Council of Texas requires over 2600 MW of contingency reserves. Major
contingency events typically occur afew times a month.
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Figure 3-6
Governor Response and Contingency Reserves Restore Generation/Load Balance

¥ NERC requires control areas to restore the generation/load balance within 15 minutes. Reserve service definitions
require full reserve response within 10 minutes. The additional 5 minutesis provided for the system operator to
assess the situation and respond.
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A series of coordinated contingency reserves are maintained to deal with the sudden, unexpected
loss of generation or transmission. Frequency (governor) response, spinning, supplemental, and
replacement reserves deploy sequentially, as shown in Figure 3-7. Separate reserve services
were defined because these services usually came from different resourcesin the past. The
fastest services (frequency response and spinning reserves) had to come from generators that
were on-line, spinning, and loaded at less than full output. Supplemental reserves had to be fully
available within 10 minutes but could come from fast-start generators. Replacement reserves
could come from slower resources as long as they could be fully available within 30 minutes.
Reserves were typically required to be capable of deploying for two hours, after which it was
expected that the emergency would have been addressed and more normal conditions restored.
These definitions are till in place (NERC no longer requires spinning reserve to come from
generation but most Regional Reliability Councils do), though the reasoning is now outdated in
light of the viable storage technologies now available.
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Figure 3-7
Coordinated Reserve Response to Sudden Loss of Generation or Transmission

Historic reserve requirements were prescriptive. For example, NERC guidelines suggested that
spinning reserve be restricted to generators that were on-line, less than fully loaded, and capable
of providing their full reserve within 10 minutes. This requirement, coupled with the provision
that all generators be equipped with frequency responsive governors, assured policy makers that
adequate reserves would be available to stabilize frequency if a contingency were to occur.

Restructuring and advances in generation, storage, and responsive load technologies are
necessitating rule changes. Prescriptive NERC guidelines are being replaced with mandatory
functional standards. Through their Disturbance Control Standard (DCS), NERC requires
control areasto restore the generation/load balance within 15 minutes of a maor contingency.
Regional reliability councils further require that specific amounts of each contingency reserve be
maintained. But the contingency reserve definitions are becoming technology neutral in that
they now require a defined response within a given timeframe, rather than specifying reserve
capacity (margin) from specific technologies.
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A frequency responsive reserve standard has not yet been established. Instead, the spinning
reserve and supplemental reserve standards are identical except that spinning reserve resources
must begin responding “immediately” and reach full output within 10 minutes. Storage
technologies are typically “prompt” —a distinction and value that is not currently recognized by
the market rules. Stakeholders need to participate in rulemaking so that energy storage
technologies are fully valued.

The New York ISO (NY1SO) does not restrict use of the 10-minute reserves to DCS events. The
entire NPCC region experiences about 72 DCS events per year, but the NY 1SO deployed 10
minute reserves 239 times in 2002, as shown in Figure 3-8 [15]. Deployment times ranged from
24 seconds to 70 minutes but averaged less than 11 minutes. The average time interval between
deployments was 36 hours, but intervals ranged from 24 seconds to 350 hours.
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Figure 3-8
Most Reserve Deployments in New York In 2002 Were Shorter Than 12 Minutes

It should be noted that the foregoing spinning reserve definitions, which were written exclusively
with conventional generatorsin mind, can drive unintended behavior from energy storage system
owners. The reserve requirements typically require response to start immediately, i.e., to be fully
available within 10 minutes, and to be sustained for 30 minutes to two hours (depending on the
NERC Region). They assume that a generator is supplying the reserve and that it will begin
ramping immediately to provide all it can asfast asit can - just what the system operator wants
in an emergency.

A storage plant, with superior prompt response capabilities, may deliberately limit its response in
order to maximize its payment under the established service rules. A storage plant might be
capable of providing full output essentially instantly, a great improvement over conventional
generation. But if that storage plant has limited energy available, the operator will likely decide
to delay response for the full 10 minutes allowed to reach full output. Thiswould alow the
storage plant to spread the limited energy over the required response duration, maximizing the
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capacity for which it gets paid. For example, a 20 MWy battery plant with 20 MWh of available
energy storage could only bid 10 MW into a spinning reserve market that required 2 hours of
response. The owner could increase the bid amount to 10.9 MW if they delayed response by the
allowed 10 minutes.

But what would the system operator really want from the battery? Twenty MWsimmediately
and delivered for up to 60 minutes. That is much more valuable than what any conventional
generator could provide. That large, fast response buys the system operator up to an hour to find
other resources. Clearly, the reserve definitions and market rules need refinementsto elicit the
best reliability response from emerging energy storage systems.

Summary

Conceptually, storage isideal for supplying several ancillary services. Regulation is, by its
nature, a frequent cycling and zero-energy-storage/balancing service. Contingency reserves
require the injection of real power into the transmission system but actual deployment is
relatively infrequent. Payment for the servicesis primarily for the available capacity ready to

deploy.

Supplying voltage control and reactive power likely does not interfere with the storage project’s
primary real power mission. Itislikely to design the project’s power electronics such that they
can supply dynamic voltage support while real-power functions are being performed since the
added cost impact is modest and the potential for being arequired criterion isreal.

Black start is more selective. To be useful, the storage project has to be sufficiently large and
charged when a blackout occurs. This requires reserving capacity that is then not available for
typically other more lucrative applications. However, a sufficiently large storage project could
supplement whatever residual charge was available with charging from low-power emergency
generation and provide a useful black start resource. The dynamic VAR capability, along with
fast real power control could be anideal black start resource.

Regulation is an ideal servicefor storage, if the storage deviceis not limited by cyclelife.
Regulation is the highest priced ancillary service; 4 to 6 times the price of spinning reserve and
the priceis high around the clock. A storage project can supply regulation any timeitisidle
from its primary function or can be supplied coincidentally with its primary function. The
superior control capabilities, when compared with conventional generation, provide an additional
benefit. A requirement is that the storage facility must provide appropriate head-room and foot-
room to be able to both inject and absorb energy. Storage devices with limited cycle life may be
better suited to supplying contingency reserves. Storage Systems are typically better suited to
providing the highest value function, spinning reserve, which requires fast response but limited
deployment time. Unlike conventional generators, energy storage technologies can easily
provide fast response; however, they are limited in the duration of their response. Frequency
responsive reserves will likely be an even better match to storage’s capabilities. Its expected
higher value will make this choice more profitable.
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For the purposes of this Handbook, regulation and spinning reserves have been selected as the
reference application candidates for the respective energy storage systems. Representative duty
cycles are provided in this chapter, and the benefit parameters are addressed in Chapter 4.

Distribution Power Quality and Reliability

Distribution level electrical power quality and reliability in the U.S. is generally good to
excellent, but with significant variability related to the local grid design, e.g. radial versusloop
lines, exposed overhead versus protected underground lines, plus the local exposure conditions
related to weather, animal life, and foliage. However, even in the best of conditions, the overall
reliability of undisturbed service from the grid isin the range four 9s, i.e. 99.99%. Note, a
disturbance herein includes any power quality phenomenon that negatively impacts the customer
as well asthe extreme case of an outage. When such disturbances occur, the utility’ s customers
can experience arange of consequences. disrupted operations, damaged equipment and product,
loss of information and/or complete shutdown for recovery that can extend much longer than the
power disturbance itself.

These problems are exacerbated with the ever advancing digital economy and the proliferation of
electronic equipment and microprocessor-based controls that are sensitive to power disturbances.
In addition, there are increasing public service, safety and security demands on electric power
supply. To date, these overal demands have been primarily addressed with some combination of
customer owned power quality and reliability systems and/or enhanced utility supply service,
e.g. multiple feeds. However, with the restructuring of the utility industry, the distribution
utility’ sincentive for such enhancements has been reduced, if not lost altogether.

Concurrently, a growing portfolio of “distributed energy storage and/or generation resources’ are
evolving that are well suited for distributed power quality and reliability support as well as other
customer and/or grid support functions. This section addresses the distribution level power
quality and reliability issues that are opportunities for energy storage based systems. Later,
combined grid support applications are addressed that, taken together, offer increased incentive
for the distribution utility’ s deployment of such systems.

The specific nature of these distribution-level disturbances has been studied in great detail,
including alandmark study by EPRI and participating utilities called Distribution Power Quality
or DPQ. Thefirst study, DPQ I, was completed in 1996 and DPQ Il was completed in 1998
[16]. Animportant outcome of this study, particularly regarding the mitigating role of energy
storage, was the realization that the vast majority of grid related power quality events are voltage
sags and, to amuch lesser extent interruptions, with both being opportunities for energy storage
based solutions.

Figure 3-9 summarizes the results of DPQ 11, which supports previous results in DPQ I, and
shows the distribution of the sags and momentary interruptions as a function of their duration up
to afew seconds and their percent of voltage sag. Note that the mgjority of the voltage sag
disturbances occur less than 2 seconds and | ess than 50% sag.
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As defined by |IEEE Standard.1159-1995, a voltage sag is a short-duration decrease of the RMS
voltage, lasting from 0.5 cyclesto two minutesin duration. These events are caused by faults on
the power system or by events such as starting arelatively large motor or other inductive load. A
voltage interruption, on the other hand, is the complete loss of electric voltage. Interruptions can
be for a short or long duration. Disconnection of electricity causes an interruption - usually by
the opening of a circuit breaker, line recloser, or fuse. For example, if atree or anima comes
into contact with an overhead line or high voltage bus, or if an insulator flashes over dueto a
lightning strike, some type of circuit interrupter (breaker, fuse, recloser, etc.) will attempt to
isolate the faulted line from the rest of the system (often referred to as “ clearing” the fault (short
circuit). A finitetimeisrequired, however, to “clear” the fault, and during that time both
customers on the faulted line as well as customers on parallel feeders (that is, feedersthat are
supplied from the same bus as the faulted feeder) will experience avoltage sag. After the faulted
lineisisolated, the customers who receive their power from that line will experience an
interruption, while customers on parallel feeders will experience normal voltage or, perhaps a
momentary voltage “swell” (over voltage) caused by the loss of load served by the faulted line.
In this scenario, the cause of the interruption is the same as the cause of voltage sags with the
customer’ s experience dependent on location relative to the faulted line.

RMS Voltage Variation Sag and Interruption Rate - All Sites

Sag and Interruption
Rate per Site per 365
Days

30 to 40

Duration

10to 20 cyc
30to0 60 cyc
2to 5 sec

Oto 10

Voltage (%)

10 to 30 sec
60 to 120 sec

Figure 3-9
Summary of DPQ Results for Sags and Momentary Interruptions [16]

Note that two different time intervals are to be distinguished for these operations. Thefirst isthe
timeto “clear” thefault (i.e., thetimeit takesto initially sense the fault and then open the
recloser). During thistime, the fault is active and is producing voltage sags on both the affected
feeder and all parallel feeders. The second isthe interval of time between the completion of the
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opening interval and the initiation of an automatic reclosing. During this time, customers on the
faulted feeder experience an interruption (at least those who are “downstream” from the recloser)
and those “upstream” of the recloser as well as all those on parallel feeders experience normal
voltage or perhaps a voltage swell, as explained above.

Customers located on the faulted feeder will experience one or more interruptions (and those on
parallel feeders may experience more than one sag), depending on the type of fault and the
reclosing practices of the utility. Reclosing practices vary from utility to utility and, perhaps,
from circuit to circuit.* For atemporary fault, one or two reclosing operations may be required
before normal power isrestored. For a permanent fault, a number of reclosing operations
(usualy no more than three) will occur before the breaker "locks out” because of the permanent
fault condition. In this case, the customers on the faulted line will experience a sustained
interruption. Note that the interruptions associated with successive operations of the recloser are
typically of varying duration depending on relay characteristics and utility practice. This
provides multiple opportunities for removal of the conditions causing the fault. The multiple
operations also give sectionalizers the opportunity to operate. These devices typically open
during the dead time (recloser open) after counting a certain number of consecutive incidents of
fault current within a short time period. The number of fault current incidentsistypically two,
although it could be oneif the sectionalizer is at the head of an underground cable where all
faults are assumed to be permanent.

For residential feeders, some utilities are experimenting with shorter intervals (0.3 to 0.5
seconds) for thefirst recloser interval to solve problems that residential customers have with
momentary interruptions. (Residential electronic equipment such as clock radios, VCRs,
microwaves, and televisions can often ride through 0.5 second interruptions, but cannot ride
through much longer duration interruptions.) Thereis a practical minimum, however, because at
medium voltage levelsit usually takes at least 10 to 12 cycles of dead time to ensure that the
ionized gases from faults are dispersed.

Customers located on parallel feeders will experience a voltage sag for the duration that the fault
remains on the line. On medium voltage systems, nearly al faults are cleared within one second
and can be cleared in as short as three cycles, depending on the fault current magnitude and the
relay settings. This means that customers on parallel feeders will experience at least one voltage
sag lasting from three cycles to approximately one second and possibly additional voltage sags if
reclosing operations are required. Voltage sags are typically less severe than interruptions and
the duration of interest is only the period of time that the fault is on the line.

If there are more than two feeders supplied from a common distribution bus, more customers will
experience voltage sags than actual interruptions because afault on any one feeder will cause
voltage sags on al the other feeders.

* Most utilities employ automatic reclosers to minimize the use of fuses that require field maintenance for the
restoration of power. Reclosers, unlike fuses, also increase the probability of quicker power restoration (fuses do
not provide a repeated application of high voltage to help remove the condition causing the fault).
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Customers fed directly from the high-voltage system (that is, transmission-fed or large industrial
customers) usually have more than one line supplying the facility and actual interruptions should
be very infrequent for these customers. However, these customers will experience voltage sags
during fault conditions over awide range of the transmission system. Voltage sags caused by
high-voltage-system faults generally have more consistent characteristics. The faults that
originate in the medium- and low-voltage systems tend to have more variation in depth and
duration.

Longer-term outages (minutes to hours) are rare and typically caused by equipment failures,
accidents, weather or natural disasters, or instability induced system collapses. Albeit rare, the
impact is widespread and in many cases warrants protective backup systems.

Energy storage for such short and long-term power quality related applications at or within the
end-user site is an established and robust business, e.g. the ubiquitous lead acid battery based
UPS system. The most common UPS application isfor computer centers. These protect against
voltage sags as well as outages for up to 30 minutes and, if the outages are not mitigated, provide
power for an orderly shutdown to protect electronic records. Another mgor energy storage
based power quality and reliability application and market is in the telecom industry, which has a
regulatory-based legacy of applying hours of backup batteries throughout their supply networks.
Likewise, T&D utilities deploy hours of battery systems at substations for backup power for
breaker operations, controls and communication. In addition, there is an established robust
business for backup gensets equipped with sufficient fuel for hours of operation depending on
their proximity to refueling supplies. Many public health and safety facilities, e.g., hospitals, are
required to have standby gensets. For central telecom offices, multiple gensets are often
included as a means of charging the large battery banks - an indication of the premium for high
reliability service and regulatory compliance. Alternatively, short-duration energy storage may
be adapted to mitigate brief power disturbances plus provide a bridge to startup and synchronize
standby gensets for long-term protection.

For large facilities that require site-wide protection, several such power quality systems have
evolved that are also suited for deployment at the utility substations, whether dedicated to a
single customer or multiple customers in a premium power park arrangement. Examples are lead
acid battery and flywheel based short-term UPS systems with options for bridging to genset
systems.

However, the traditional T&D utility solution for enhanced power quality and reliability has been
multiple feeds into the service area that draw on, to the extent possible, independent sources of
power generation and/or transmission feeds. The static transfer between independent feeds has
been the utilities' primary power quality and reliability solution for high value customer
facilities.

For the purposes of this Handbook, two representative and bounding type applications have been
selected. Thefirst covers the short duration voltage sag disturbance. Although not yet adopted
by any system vendor, 2 seconds of full power duration has been selected for the baseline
evaluations because it captures the large majority of relevant disturbances, plusit is allowsthe
meaningful comparison of the full range of short-term based energy storage technologies. The
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second application covers the long duration outage. Four full power hours has been selected
which aligns with the utilities interruptible service duration and rolling blackout precedents.
Further, it is sufficient time for commercial and industrial customers to ride-through the vast
majority of outages or accomplish an orderly shutdown and evacuation of the premises without
reliance on agenset. Such genset reliance, particularly for new installations, isincreasingly
problematic for metropolitan service areas due to emission, noise and vibration based permitting
issues. Further, four hours of backup is compatible with the backup duration trend in the telecom
industry.

Daily Load Shifting

For the purposes of this Handbook, load-shifting pertains to the use of energy stored proximate
to the point of use during periods of low demand to reduce the need for remotely generated
power imported over transmission and distribution assets during periods of high demand. In this
manner, a portion of the customer load is shifted from periods of high to periods of low demand
(e.g., from mid-afternoon to late-night hours). As aresult, utility assets are more uniformly
loaded throughout the cycle, and the need to upgrade or expand the system can be avoided or
deferred. In addition, such load shifting can accommodate the displacement of the more
expensive peak energy costs (or prices) with the less expensive off-peak energy costs (or prices).
Load-shifting may be implemented as part of an overall system (generation, transmission and
distribution asset) optimization strategy, and its value is dependent on marginal, locational, and
temporal factors:

e Marginal, in that power delivered to serve the load increment in excess of rated grid capacity
isvaued at the marginal cost of capacity expansion, e.g., a theincremental cost of adding
generation, which may be under utilized until system build-out.

e Locational, in that distance, terrain and demographics between generation and load centers
all contribute to the marginal cost of power, e.g., infrastructure disturbance in urban areas
may be costly, environmental intrusion in open spaces may entail lengthy approval processes,
etc.

e Temporal, in that the need for amarginal increment of power istypically afraction of total
time that coincides with daily and seasonal periods of peak demand, and must occur at cyclic
periods of low demand to allow charging for load shifting to have value.

The appropriate amount of such load shifting with energy storage will depend on the load
profiles; the alternative costs of adding or expanding demand side management (DSM) options;
the value of deferring or avoiding the alternative infrastructure upgrades; the difference in peak
versus off-peak costs (or prices); plus the storage system’s costs and efficiency. Parameters for
the alternative costs and hence the benefit bases for energy storage are addressed in Chapter 4.

Society’s basic diurnal consumption of power results in a higher day-time load (peak) versus the
night-time load (off-peak). Of course, three-shift industrial loads, night lighting loads, etc. serve
to offset this difference. Profiles of the utility’ s daily loads at any given substation vary due to
many factors, including:

3-22



T&D Applications for Benefit — Cost Assessments

e The Monday through Friday workdays typically have a higher peak |oad and peak/off-peak
difference versus the weekend days and holidays.

o Likewise, the seasonal HVAC load factors can be distinctively significant, depending on
climate extremes, which can result in a higher summer peak, winter peak or both.

e Further, hourly variations of the peak load can be significant during the transition between on
peak and off-peak, aswell as during seasonal daily temperature change extremes.

e Otherwise, the mix of load (any combination of residential, commercial, industrial and
transportation) for any given substation may serve to flatten or exaggerate the peak versus
off-peak profile. Further, this mix can change over time, e.g. rezoning of neighborhoods, as
well as at the convenience of the utility to balance |oads between proximate substations.

Altogether, utility substation load profiles are both diverse and dynamic. Hence, desired features
for energy storage systems for such application include modularity and relocatability.

For the purposes of this Handbook, two representative and bounding profiles have been selected.
The first assumes a short 3 hour mid-day peak for a seasonal 60 days per year (or 12 weeks and 5
work-days per week), hence relatively low energy discharge and low discharge-charge cycle
duty. The second assumes along 10 hour day-long peak for a year-round 250 days per year (or
50 weeks and 5 work-days per week), hence relatively high energy discharge and high discharge-
charge cycle duty. Circumstancesfor either are readily deduced from the discussion above, with
the first being more typical of most substation profiles.

All cost and value components being the same, the second profile is the stronger candidate for an
energy storage application. However, depending on the magnitudes of such components, it may
or may not be attractive as a stand-alone application. In combination with other energy storage
applications, either or both are more likely to be well suited for one or more (and probably
different) energy storage technologies, as will be addressed in this Handbook.

Summary of Single Function Applications and Top-Level Energy Storage System
Requirements

The preceding four sections have described the single function T& D applications selected for
inclusion in this Handbook in terms of the associated grid phenomenato be mitigated and/or the
power market opportunity. These nine applications are representative of realizable opportunities
for energy storage systemsin the near-term. This section identifies the top-level requirements
that serve as the bases for configuring the integrated energy storage systems for the respective
technologies that are described and assessed in this Handbook. Table 3-3 lists the key
reguirements associated with each single function application. Note that the table shows the
range of parameters that may be encountered for a particular application, as well as the reference
values shown in parentheses that have been selected for assessment in this Handbook. These
requirements also provide the bases for combined function applications described in the section
titled, Energy Storage Technology Suitability for T& D Applications.
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Asindicated in Table 3-3, the reference power and voltage selected for all applications (with the
exception of PSB (Regenesys) and large Compressed Air Energy Storage (CAES)) are 10 MWy
and 13.8 kV, respectively. These values are used in arriving at the unit configurations and costs
of the electronic power conversion and energy storage systems addressed herein. The choice of
unit size was made in light of the primary objective of this Handbook to improve insight to
emerging energy storage technologiesin T&D applications, aswell asin recognition of the stage
of development of those technologies and the likely size range of utility projects within the next
few years. Recent and relevant energy storage projects undertaken by utilities are listed in Table
3-4, where PbA and NiCad technologies are mature and NAS and PSB are emerging. The choice
of unit size is acknowledged to compromise the requirements for some applications (e.g., the
preferred size of GAS installations might be several hundred megawatts at some sites) aswell as
the requirements for the target markets of some technologies. However, these goals are deemed
secondary to the need for improved familiarization and insight to options for additional early
utility-scale energy storage projects. The use of standard unit size (where multiple parallel units
can be configured for larger facilities) facilitates the anal yses and presentation of results shown
herein. With regard to CAES, unit sizes of both 10 and 135 MW are assessed, where the
former is oriented to above grade install ations employing fabricated pressure retention devices
(pipes, pressure vessels, etc.) and the latter to subterranean geologic features. CAES power
conversion is accomplished by mechanical rather than electronic means; hence, the
normalization of PCSis not addressed for CAES.
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Table 3-3
Top-Level Energy Storage System Requirements for Single Function T&D Applications
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ES System Unit
Power, MW 10t0500 | 10t0500 | 10t0500 [ 2 to200 2 to 200 1to 50 1t050 1 to 200 1 to 200
(10) (10) (10) (10) (10) (10) (10) (10) (10)
ES System AC 4.2to 4.2to 4.2to 4.2to 4.2to 4.2to 4.2to 4.2to 4.2t0
Voltage, kV 750 750 750 115 115 345 345 115 115
(13.8) (13.8) (13.8) (13.8) (13.8) (13.8) (13.8) (13.8) (13.8)
Equivalent Full few few 101030 | 3t030 2hr
Power Discharge seconds seconds min min max seconds hours lto4hrs | 5to12hrs
Duration
(1 sec) (1 sec) (15 min) (7.5 min) (2 hr) (2 sec) (4 hrs) 3) (10)
10MJto1l 5MJto 0.2t0 25 2MJto 3 1 to 400 1to 200
Energy Discharged GJ 30 GJ MWh 0.1to 25 2to 100 GJ MWh MWh 5 to 600
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10 10 10 Contin- 10 100 1 60 250
events/yr events/yr events/yr uous events/yr events/yr event/yr events/yr events/yr
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. 1 1 1 1 5 1 1
gnergy Discharge event/d event/d event/d event/d events/d event/d event/d
uty Cycle
(Ref 2
20 cycles/hr) 1
cyclevent event/hr
System Response <20 <20 <20 <10 <10 <20 <20 <10 <10
Time msec msec msec min min msec msec min min
Reduced T Demand
. g ) Capitalized Costs and Charge, plus A Energy
Egslrfofrgir ¢ Benefits Capltah;ﬁgr;:;?\i Znitzfnnef'ts of Market Rates Benefits of Alternative Savings plus Capitalized
Y System Costs and Benefits of
Alternative System
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Table 3-4

Early Energy Storage Project Precedents for 10 MW,. Range Unit Size

Energy Storage

Unit PCS MWy,

Initial Startup

Utility Technology - Facility MW, (Incremental Rise
(Acronyms to Facility Power)
Below) - Facility MWh,. y
Puerto Rico Power Authority (PREPA) PbA Batteries 10-20-6.3 Spring 1994
Tokyo Electric Power Company (TEPCO) | NAS Batteries 2-6-48 Spring 1997
Golden Valley Electric Association NiCad Batteries | 27*—27-6.75 | Fall 2003
(GVEA)
. Scheduled
National Power (NPUK) 15 Qtr 2004
PSB Flow Battery | 12 -12 -100

Tennessee Valley Authority (TVA)

Follows NPUK by
6 to 12 mo

Acronyms:
PbA Lead Acid batteries

NAS Sodium-Sulfur batteries

NiCad Nickel Cadmium batteries * PCS rated at 46 MW, max

PSB Sodium Polysulfide/Sodium Bromide flow battery (also known as Regenesys)

Bases for economic evaluation are identified in this section, and the methodology for deriving
benefits and costsis presented in Chapter 4. Key duty cycle requirements for each application
listed in Table 3-3 are discussed in the following paragraphs:

Application A: Grid Angular Stability (GAS) — These applications require that power
oscillations be mitigated by injecting and/or absorbing real power at frequencies of 0.5 to 1 Hz,
and may be encountered in systems with long transmission lines at voltages up to 750 kV
(typical of the Western or Northeast U.S.). The energy storage system must detect the
disturbance and respond within 20 milliseconds by injecting and/or absorbing oscillatory power
opposing the disturbance for up to 20 cycles. Ten such events may occur per year, but more than
one event per day is considered unlikely. Commercial installations are expected to range in size

from 10 to 500 MWqc.

The reference duty cycle for analysisis hot standby for infrequent events characterized by an
event of 20 oscillatory cycles, cumulatively equivalent to afull power discharge (FPD) of
1 second duration and subsequent charge cycle; 1 event per day; 10 events per year. This
application is valued at the cost of alternative solutions.

Application B: Grid Voltage Stability (GVS) — These applications require that degraded
voltage be mitigated by additional reactive power, plusinjection of real power for durations up to
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2 seconds, and may be encountered in systems with transmission congestion and high inductive
loads (typical of the Eastern US). The energy storage system must continuously supply reactive
power, plus detect the disturbance and respond