
ECONOMIC APPLICATIONS FOR ENERGY STORAGE

A Dissertation by

Trevor David Hardy

Bachelor of Science, LeTourneau University, 2001

Master of Science, Wichita State University University, 2010

Submitted to the Department of Electrical Engineering and Computer Science
and the faculty of the Graduate School of

Wichita State University
in partial fulfillment of

the requirements for the degree of
Doctor of Philosophy

July 2014



©2014 by Trevor Hardy

All Rights Reserved



ECONOMIC APPLICATIONS FOR ENERGY STORAGE

The following faculty members have examined the final copy of this thesis for form and
content, and recommend that it be accepted in partial fulfillment of the requirement for the
degree of Doctor of Philosophy with a major in Electrical Engineering

Ward Jewell, Committee Chair

Edwin Sawan, Committee Member

Visvakumar Aravinthian, Committee Member

Janet Twomey, Committee Member

Stanley Longhofer, Committee Member

Accepted for the College of Engineering

Dr. Royce Bowden, Dean

Accepted for the Graduate School

Dr. Abu S M Masud, Interim Dean

iii



DEDICATION

For years of working in a difficult job so that I would have the time to complete this
degree, to my wife I say this: we did it; it is finally done

iv



ABSTRACT

There are several specific applications that offer potential ways in which energy storage

may be able to produce revenue and/or provide savings for system operators. The most

obvious is simple energy arbitrage where low-cost energy is purchase during low-price hours

and released back to the grid during high-priced times. For the purposes of avoiding upgrad-

ing transmission and distribution equipment, it can be used to decrease load. For variable

renewable generation, it can store the energy from peak periods of production and discharge

during period of low production, providing a smoother generator output.

For this work, the economics of using a sodium-sulfur battery for energy arbitrage and

capacity upgrade deferral were explored. A reduced 240-bus model of the electrical grid

in the western United States (WECC) was used to run a combination market/power-flow

simulation where all generators and loads participate in an energy market auction. Into this

simulation, a small sodium-sulfur battery was inserted and allowed to participate.

Several parameters regarding the characteristics and usage of the energy storage device

were explored: storage efficiency, location in the electrical grid, bidding algorithm, and

number of years of operation. The results from the simulation allow for the calculation of

revenue from energy arbitrage while more general off-line calculations were used to estimate

the savings from deferring capacity upgrades in the electrical grid, examining the effects of

deferral time, storage and upgrade cost, and upgrade equipment lifetime.

The results show that this dual-use of a single storage device created a positive net

present value (including capital costs), indicating this application of energy storage is fi-

nancially beneficial. Most of the value generated by the storage device was through the

upgrade deferral savings; the energy arbitrage added very little value and often lost money.

The results from the market/power-flow simulation show that there is a strong interactive

effect between the network location and the bidding strategy, both significantly effecting the

revenue. The greatest savings through upgrade deferral come from deferring upgrades of

more expensive equipment for longer periods of time.
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CHAPTER 1

INTRODUCTION

Energy storage has traditionally not been a significant part of the operation of the bulk

power system (“the grid”). The most common form of energy storage on the grid today

is pumped hydro with approximately 23,000 MW installed in the US. Compared to the

over 1,000,000 MW of installed capacity of generation in the US, this is a small amount,

comprising only ∼2.3% of the total [1]. If the generation, transmission, and distribution

of electrical energy can be thought of as an “electricity factory”, it is an unconventional

one where there is virtually no warehouse for storing the final product. The goods are

produced when they are ordered, must be delivered immediately, and there is no possibility

of producing any more or any less of these goods than is being requested. For the system

to operate in a stable and reliable manner, the consumption must match the production at

all times. Because of this constraining requirement and the incredible value that electrical

energy has provided to society, the construction and operation of the system has progressed

in a way that might seem odd for other manufacturing processes. Everyday, inefficient

planning and operational decisions are made to overcome these limitations.

• The amount of energy to be used in, say, an hour must be predicted and a matching

amount of generation must be scheduled to run by the system operators.

• The real-time flow of energy must be monitored with a multitude of contingency plans

developed to handle unexpected/unscheduled events.

• Generators are kept running in lower output or idle states to serve as backup in case

other generators fail unexpectedly.

• The transmission and distribution lines must be built so as to be able to handle the

relatively infrequent peak periods of energy consumption, not just the daily or weekly

averages.
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Though widespread energy storage would not single-handedly remove all of these neces-

sary but often inefficient policies, it would dramatically change the way the grid is operated

and introduce more flexibility and efficiency in operational and planning decisions.

Yet the cost of energy storage is high. As the electrification of the transportation industry

has begun over this past decade and the need for high-energy mobile electronics grows,

the interest and investment in developing less costly and more efficient energy storage has

increased. The costs of energy storage are falling and new thinking is taking place, seeking

to find new applications for storage and proposing changes in operational procedures and

valuations for the benefits this technology could provide. Even as these changes are taking

place, the question facing today’s power system professionals remains: are there situations

and cases where it makes economical sense to use energy storage rather than the tools that

would normally be used?

The focus of this dissertation seeks to answer this question, at least in a small way.

Specifically, this study hopes to contribute to the understanding of the economic use of energy

storage by performing market/power-flow simulations of multi-year periods to determine

the effects of degradation on the performance and economics of using energy storage for

energy arbitrage. This study will also seek to evaluate how important the efficiency, bidding

strategy and network location of the energy storage device is in determining its economic

viability. Lastly, the use of energy storage in dual-use applications will also be explored with

the expectation that using a single storage device to generate multiple value streams will

increase its economic value past that of its cost.

The remainder of this work is divided into the following chapters:

Chapter 2 - Applications for Energy Storage and Their Economic

Benefits - What types of niches exist in which energy storage might be able to

contribute in the electrical grid as it is today? What are the potential revenues

for these applications?

2



Chapter 3 - Energy Storage Technologies and Their Costs - What

techniques exist today to effectively store energy and what are their costs?

Chapter 4 - Energy Markets and Their Simulation - How do energy

markets operate today and how can they be effectively simulated?

Chapter 5 - A Basic Financial Analysis Technique - How is the value

provided by the energy storage device fairly calculated?

Chapter 6 - Experiment Definition - In light of the above, what aspects

of energy storage and its economics will specifically be explored?

Chapter 7 - Results - Summary of the experimental results and presentation

of the data.

Chapter 8 - Analysis - What are the significant data?

Chapter 9 - Conclusions and Future Work - What can be learned from

these results and what direction could the research head?

3



CHAPTER 2

APPLICATIONS FOR ENERGY STORAGE AND THEIR ECONOMIC

BENEFITS

There are a variety of ways that energy storage can be used in the electrical grid today as

an alternative solution to common problems that arise in the normal operation of the grid.

Works such as [2], [3], [4], [5], [6], [7], [8], [9], [10] and [11], all provide general overviews of the

applications for energy storage and the economics of their use. Much of the current literature

focuses on a few of these as the most immediately viable options. There is also discussion

in some of these studies (such as [2] and [11]) for using a single energy storage installation

across multiple applications, thus providing multiple value streams. The discussion below

will in turn focus on the most prominent of applications that are utility-oriented (rather

than customer-oriented, such as time-of-use charge management, demand charge manage-

ment, combined heat-power energy management, etc). Though the use of energy storage in

microgrids is a much discussed topic, it will be considered outside the scope of this research

as existing applications for utilities provide only a narrow range of immediate applicability.

2.1 Energy Arbitrage

Since energy storage is, by definition, not able to produce energy on its own, the role

of energy storage in the energy market is one of time-shifting energy production. Energy is

used to fill-up or charge the energy storage device when energy is inexpensive and is then

discharged and sold back into the grid at a later time, often when energy prices have risen.

This is often called “energy arbitrage” and though a misnomer, it is the commonly used

term in power engineering for describing this activity. 1

1 [12] provides a definition and example to clarify:

Arbitrage is the simultaneous purchase and sale of a commodity or asset in different markets
with the sole intent to make profit from the difference in buying and selling prices.... If, for
example, the dollar price of a British pound sterling is $1.60 in Frankfurt but $1.50 in Paris,
a trader can buy £1 in Paris, sell that pound in Frankfurt, and make a profit of $0.10 per
pound... Therefore arbitrage is an exploitation of misalignment of market quotes. If the
market is perfectly competitive, this sort of price differential cannot exist.

4



Profiting from changes in market prices is most profitable if those future prices can be

predicted and this is the case in the bulk power system in a very general way. In almost all

energy markets, overnight prices are consistently much lower than late afternoon/evening

prices [13]; there still can significant volatility in theses prices, though, depending on the

market [14]. Storing overnight energy to be discharged during these afternoon peaks nec-

essarily involves multi-hour storage times and is considered long-term (when compared to

other applications, as will be seen) and is not something that all technologies can efficiently

achieve.

The economics of using energy storage for energy arbitrage are obvious and straightfor-

ward though there are several important details to consider. The process of charging and

discharging energy storage is not lossless and not all energy that is purchased from the grid

is able to be sold back to the grid for a profit; some of it is consumed in the process. This

“round-trip” efficiency not only takes into account the losses in the energy conversion pro-

cess that are inherent in the storage mechanism (“DC-DC”) but also the losses of the power

converter that interfaces with the grid and other support equipment necessary to keep the

energy storage operational (“AC-AC”).

In addition to the on-going cost of the energy being stored, there is the up-front capital

cost of the equipment. The lifetimes of the various energy storage technologies vary but

in all cases, the lifetime is long enough (multiple years) that the accounting of the cost of

the equipment must be done to spread that cost over the lifetime of said equipment. The

technology specific costs will be discussed more thoroughly in section 3.

Despite the simplicity of the economics of energy arbitrage, the literature on the subject

does not provide a consistent perspective as can be seen in Table 2.1. [15] examined the

The key words in this definition are “simultaneous” and “different markets”. What many in the engineering
community are calling arbitrage is the sale of the same good in the same market at different times and is
not a failing of the market structure to provide accurate pricing. Rather, it is the opposite; the cost of
production of energy during heavy system loads is higher and therefore the price of energy is higher. When
the system load falls, the cost of production falls and the purchase price also falls. The simple act of buying
when the price is low and selling when it is high does not constitute arbitrage; this is simply normal market
behavior.

5



potential for energy arbitrage revenues in the NYISO market and found a strong sensitivity

to energy storage efficiency. [16] conducts a study with similar goals and also showed a similar

sensitivity. Both studies found that devices with lower power ratings and lower efficiency

were forced to charge for longer periods of time and ended using more expensive energy in

the process. [11] incorporated different levels of operations and maintenance costs and also

showed a significant sensitivity to efficiency. [2] is also by the same author but produces

significantly different values due to the change in price of energy between the two papers. [7]

conducted a study with a variety of price volatilities and efficiencies and, paradoxically, found

that the efficiency of the storage had very little effect on the economic benefit. Due to lack of

details in arriving at the benefit values, it is not clear why this discrepancy exists; in related

reports, [6] found a similar insensitivity to storage efficiency. (It should be noted that [7]

and [6] were produced by the same organization and share some authors.) [17] focused on

pumped hydro in markets around the world and the revenue potential they could provide

for energy arbitrage.

There are two important notes to make regarding these studies:

1. All of these studies ignored the capital cost of the storage equipment and focused solely

on the revenue potential. This is common practice in operations-oriented studies.

2. The price data used in these studies was either assumed or collected from historic

market data. No power flow simulations with energy storage were used in generating

these estimates. This is to say, these revenue projections assume the energy storage

is acting as a price-taker and its participation in the market would not significantly

affect market prices.

2.2 Renewable Support

There are several proposed strategies for using energy storage in conjunction with re-

newable energy. In all of these applications, energy storage is used to offset the variability

and uncontrollability that is inherent with renewable energy sources. With energy storage

6



TABLE 2.1

SURVEY OF ENERGY STORAGE REVENUES FOR ENERGY ARBITRAGE

Source Power Energy Efficiency Benefit Notes

[7] - - 65% $63/kW-yr (c)
[7] - - 65% $78.5/kW-yr (d)
[7] - - 65% $83.4/kW-yr (e)
[17] - - 75% $39.4/kW-yr (j)
[17] - - 75% $43.7/kW-yr (i)
[17] - - 80% $29.6/kW-yr (j)
[17] - - 80% $38.1/kW-yr (i)

[2] - 2h 70% ~$14/kW-yr
[2] - 2h 70% ~$14/kW-yr (h),(l)
[6] 1 MW 2h 70% ~$35/kW-yr (f)
[11] - 2h 70% ~$40/kW-yr (h),(k)
[6] 1 MW 2h 70% ~$44/kW-yr -
[11] - 2h 70% ~$45/kW-yr (g),(k)
[15] 1 MW 2h 83% $100/day -
[2] - 2h 90% ~$24/kW-yr (g),(l)
[2] - 2h 90% ~$24/kW-yr (h),(l)
[11] - 2h 90% ~$50/kW-yr (h),(k)
[11] - 2h 90% ~$60/kW-yr (g),(k)
[5] 1 MW 2h - $100-5001/kW -
[7] - 4h ~45% $440/kW -
[7] - 4h ~65% $450/kW -
[2] - 4h 70% ~$24/kW-yr (h),(l)
[2] - 4h 70% ~$25/kW-yr (g),(l)
[6] 1 MW 4h 70% ~$58/kW-yr (f)
[11] - 4h 70% ~$62/kW-yr (h),(k)
[6] 1 MW 4h 70% ~$63/kW-yr -
[11] - 4h 70% ~$72/kW-yr (g),(k)
[16] - 4h 80% $40/kW-yr (a)
[16] - 4h 80% $80/kW-yr (b)
[15] 1 MW 4h 83% $200/day -
[2] - 4h 90% ~$32/kW-yr (g),(l)
[2] - 4h 90% ~$38/kW-yr (h),(l)
[11] - 4h 90% ~$85/kW-yr (h),(k)
[11] - 4h 90% ~$100/kW-yr (g),(k)
[2] - 8h 70% ~$28/kW-yr (h),(l)
[2] - 8h 70% ~$31/kW-yr (g),(l)
[6] 1 MW 8h 70% ~$60/kW-yr (f)
[6] 1 MW 8h 70% ~$80/kW-yr -
[11] - 8h 70% ~$80/kW-yr (h),(k)
[11] - 8h 70% ~$100/kW-yr (g),(k)
[16] - 8h 80% $60/kW-yr (a)
[16] - 8h 80% $110/kW-yr (b)
[2] - 8h 90% ~$41/kW-yr (h),(l)
[2] - 8h 90% ~$45/kW-yr (g),(l)
[11] - 8h 90% ~$120/kW-yr (h),(k)
[11] - 8h 90% ~$145/kW-yr (g),(k)
[6] 1MW 10h 70% ~$83/kW-yr -
[6] 1MW 10h 70% ~$62/kW-yr (f)
[15] 1MW 10h 83% $300/day -

NOTES: All studies cited here have ignored the capital cost of any equipment involved and are re-
porting the revenue potential for energy arbitrage. (a) Price data from PJM for the year 2002 was used.
(b) Price data from PJM for the year 2005 was used. (c) Storage sold energy during the 200 most expensive
hours of the year using PJM prices. (d) Storage sold energy during the 1000 most expensive hours of the
year using PJM prices. (e) Storage sold energy during the 2000 most expensive hours of the year using
PJM prices. (f) An operations and maintenance cost of $0.01/kWh was assumed. (g) An operations and
maintenance cost of $0.01/kWh was assumed. (h) An operations and maintenance cost of $0.02/kWh was
assumed. (i) Assumes a 97% availability in the PJM market. (j) Assumes a 97% availability in the CAISO
market. (k) Uses 2009 CAISO market data. (l) Uses 2004 CAISO market data.
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located at or near the renewable generation sites, the energy these generators produce can

be stored whenever it is generated and released into the grid as needed. This storage can

be relatively short-term to make the output of the renewable generators smoother or longer-

term to allow the energy produced during off-peak hours to be used during times of peak

load. Table 2.2 provides a summary of the expected financial benefits of using energy storage

for a variety of renewable support roles. These support roles are discussed in more detail in

the remainder of this section.

2.2.1 Utilizing Off-Peak Energy Generated by Renewables

[18] makes the case for energy storage as a key resource in allowing renewables (particu-

larly wind) to co-exist with base-load generation. During periods of off-peak (low) loading,

high renewable generation can lead to oversupply as base-load generation is not able to ad-

just its power output quickly in response to changing renewable generation. Energy storage

would not only be able to act as a load during this period by sucking up the excess energy

from the base-load generator for later use, but in doing so it would allow the maximum ben-

efit of these “free-fuel” generation resources to be realized. Similarly, [19] studies the use of

energy storage as an intra-hour balancing resource for the wind generation in the Northwest

Power Pool. [20] confirms this in simulation as well.

More generally, this same application of time-shifting renewable energy production could

be applied in any situation where renewable output exceeds existing loads. [21] studies the

use of energy storage for shifting the night-time low-load wind generation (which is typically

its peak production time) to day-time high-load times. This is also addressed with detail

in [11], [2] and [20].

2.2.2 Mitigating Short-Term Renewable Variability

In the absence of energy storage, there is growing concern regarding the accommoda-

tion of uncertain or variable renewable generation. As the penetration levels of renewable
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resources increase, the variability of the resource creates more operational challenges for sys-

tem operators. Traditional base-load generation that has been designed for relatively slow

ramp rates could increasingly be called upon to balance the uncertain output of wind gener-

ation. [22] studies the use of energy storage in the BPA and CAISO control areas as a means

of mitigating the fast-ramp/frequency regulation requirements that wind energy production

tends to produce. They found that using the right mix of energy storage technologies could

result in a 30% reduction in regulation requirements. [11], [9], [20] also mentions this as

a means of avoiding the extra costs incurred by traditional generators operating in such a

manner. [23] finds that small amounts of short-term (multi-minute) energy storage “allows

10% more wind energy to absorbed without grid reinforcement”.

2.2.3 Renewable Capacity Firming

[4] addresses two similar but distinct benefits of energy storage integration with renew-

ables: capacity firming and energy arbitrage. Capacity firming can be defined as supporting

renewable generation so it can provide a given level of power (kW) when needed (such as

during a specific dispatch period.) Energy arbitrage allows energy (kWhs) produced by re-

newable generation to be consumed during periods when said generation is low. Both are

engaged in time-shifting energy, the capacity firming is happening on a much shorter time

scale, minutes as compared to hours. As [2] says:

... capacity firming is done to avoid the need for generation equipment (MW)

whereas the benefit associated with the renewables energy arbitrage is related to

reduced fuel use during peak demand periods for central generation plants.

[24] proposes the use of energy storage as a means of improving the reliability of wind gener-

ation output and increase the effective dispatchability of these energy sources. [25] evaluates

the value of storage, examining the effect it has on economic dispatch of conventional gener-
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ation in the presence of significant wind generation. [26] details an installation where energy

storage was used to reduce the variation in the wind farm output as well as provide a storage

pool during contingencies when any wind energy generated could not be used. [27] includes

energy storage as a resource in finding a security constrained optimal power flow (SCOPF).

Through simulation [28] and [29] builds a case for implementing energy storage with multiple

technologies and a central controller. The controller is implemented in such a way to take

advantage of the inherent strengths of the particular energy storage in terms of response time

and storage capacity. [30] and [31] found that using compressed air energy storage (CAES)

to handle wind generation’s variable output was a preferred option to using combined cycle

natural gas turbines despite a higher cost due to their lower emissions.

2.2.4 Location for Energy Storage in the Presence of Renewables

[32] studies whether storage would be better located closer to renewable generation or

closer to the loads. The authors conclude that placing the storage closer to the load allows

it to both store energy from the renewable as well as participate in other energy market

transactions profitably. [33] conducted a similar study and found storage closer to loads

in a system with significant wind generation reduced overall system cost as it lowered the

amount of reserve capacity needed from conventional generation sources to “back-up” the

variable wind generation. [34] also investigated the location of energy storage versus wind

generation but in the distribution system; in this case the authors found locating storage

close to the wind generation produced the most benefit. Storage provides the highest savings

in the presence of low flexibility generation with standing reserve at 7.7% of the installed

wind generation. [35] finds that citing the storage close to but not on the load buses improves

reliability and reduces costs as compared to citing the storage near the renewable generation.

2.3 Frequency Regulation

A particularly tantalizing application for energy storage is participation in the frequency

regulation market. Frequency regulation is an ancillary service; that is, a generator mode
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TABLE 2.2

SURVEY OF ENERGY STORAGE REVENUES FOR RENEWABLE SUPPORT

Source Power Energy Efficiency Benefit Notes

Capacity Firming
[2] - 6-10h - $172/kW -
[11] 1-500MW 2-4h - $709-915/kW -
[23] 0.3MW 0.17h 89% $415/kW (a), (b)
[36] - - - $213/kW (a), (j)

Renewable Generation Energy Time-Shift
[2] - 6-10h - $655/kW -
[11] 1-500MW 3-5h - $233-389/kW -
[23] 0.4MW 24h 75% $914/kW (a), (b)
[37] 10MW 10h 75% ~$77/kW (a), (c)
[38] 20MW 2.5h 90% $359/kW (a)

Unspecified Application
[25] 2000MW - 70% $333/kW (d), (f)
[25] 2000MW - 70% $1278/kW (e), (f)
[25] 5000MW - 70% $236/kW (d), (f)
[25] 5000MW - 70% $817/kW (e), (f)
[5] 1MW 2h - $311/kW (g)
[5] 1MW 2h - $1555/kW (h)
[35] 200MW 25h - $22/kW (a), (i)
[35] 500MW 10h - $16/kW (a), (i)

NOTES:(a) Annualized over the lifetime of plant using same economic analysis as-
sumptions as in [2] for ease of economic comparison. (b) Converted from Euros using
the exchange rate on March 1, 2004. (c) Converted from GBP using the exchange rate
on May 1, 2002. (d) Assumes high flexibility in the conventional generation mix. (e)
Assumes low flexibility in the conventional generation mix. (f) Converted from GBP using
the exchange rate on January 1, 2007. (g) Assumes an average market opportunity. (h)
Assumes a premium market opportunity. (i) Savings in wholesale purchase payments only.
(j) Estimated expected penalty due to variability in wind power output at a particular
installation that storage could mitigate.
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of operation in a supporting role rather than engaged in direct energy production. In the

case of the frequency regulation service, a generator agrees to dynamically adjust its output

in response to deviations in the system frequency which are typically caused by changes

in system load level. There are several levels or tiers of frequency regulation based on the

expected response time of the generator and the length of time it can maintain full power

output. These tiers are not always neatly defined, go by many names, and in some markets

are segmented between a “regulation up” and “regulation down” service. See [39] for an

excellent survey of the different conventions used throughout the energy markets around the

world.

Energy storage is ideally suited to the frequency regulation service that requires quick,

high-power responses of short duration (first tier or primary frequency regulation) due to one

key aspect: generally speaking, the service is energy neutral [18]. Over the course of, say, an

hour, the amount of energy that the regulation service provider needs to supply to the grid

is, on the average, approximately equal to the amount of energy the service provider needs

to remove from the grid. If energy storage was 100% efficient, there would be no net energy

used in the process of it providing this service. The storage system would be removing energy

from the grid when it wasn’t needed (as indicated by a rise in system frequency) and holding

onto it until the grid needed some of it back. This is in contrast to the existing means of

providing regulation where a generator must adjust its output constantly, consuming fuel

and energy throughout the process. Table 2.4 summarizes the projected revenue from using

energy storage as a frequency regulation provider.

Conventional generation is also ill-suited to provide frequency regulation service due to

the much slower rate it can adjust its output. Large, base-load generation is designed to

operate very efficiently at its maximum output power and though it can adjust its output

the cost of doing so is high (see [40], [41]). Additionally, the response rates of traditional

generation are much lower as compared to all energy storage options and most energy storage

and change from charge to discharge mode in less than a second; much faster than traditional
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generation. Due to these limitations of traditional generation, frequency regulation markets

must engage a large number of generators to ensure the combined effect of these low ramp

rates is sufficient to provide the necessary regulation [42].

Table 2.3 compares the attributes of traditional generation and energy storage in terms

of the frequency regulation market. All of the energy storage outlined in this table interface

through the electrical grid with power converters. The response time of the energy storage

and power converters combined is less than a second and often in the tens of millisecond

range. This fast response time allows this energy storage to reach any power output level

nearly instantaneously resulting in incredibly high ramp rates. Due to the vastly superior

ramping rates, there has been considerable research done into the use of energy storage for

frequency regulation.

TABLE 2.3

FREQUENCY REGULATION SERVICE PROVIDER ATTRIBUTES

Generation Type Ramp Rate (a) Duration Source Notes

Conventional Generation
Conventional Steam 9.4% 3.9 min. [43] -

Nuclear 5% [44] -
Combined Cycle 16.0% 5.4 min. [43] -

Hydro 16.2% 1.9 min. [43] -
Combustion Turbine 5% [44] -

Energy Storage
NaS Batteries >100% - [45] -
Flow Batteries >100% - [4] -
Supercapacitors >100% - [4] -

Flywheels >100% - [46] -

NOTES: Ramp rates are maximum values and given as a percentage of the rated
steady-state power per minute.

[43] Provides overview of regulation resources and characteristics in CAISO. [42] Provides

overview of regulation requirements and how wind is impacting the need for regulation. [47]
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and [48] develop a technique for finding the optimal energy storage size for use in frequency

regulation.

[15] Explores the use of energy storage for regulation and arbitrage simultaneously in

the NYISO where the greatest benefit comes from operating frequency regulation service

in the New York City area. [49] looks at a single isolated control area when battery energy

storage is used for load-leveling, peak-shavings, spinning reserve, and frequency control. The

study finds that the cost savings are lowest for frequency control. [22] Proposes the use of

flywheel energy storage in coordination with conventional hydro generation. The system is

designed so that the flywheel provides very high ramp rates for a short period of time while

the hydro generation is able to ramp up to the desired level, recharging the flywheel in the

process. in [50] the control algorithms are developed. [51] ran simulations of the CAISO,

PJM, and NYISO using three distinct frequency regulation control signals and a variety of

energy storage sizes. The results showed that a filtered ACE signal performed better than

the ISO supplied AGC and that only 30 minutes of storage was needed.

[45] Simulates the ability of a sodium-sulfur (NaS) battery to respond to a regulation

signal based on historical load and generation data. The battery alternately participated

in the regulation up or regulation down market (depending on the maximum allowed depth

of discharge). The study showed that payment by energy produced much higher revenues

than payment by capacity due to the battery’s ability to respond quickly and at full power

to changes in the regulation signals. The break-even price is found to be $100/MWh. [46] is

a similar study using a flywheel and finds the break-even price to be $20/MWh. [9] studies

the addition of energy storage to an island system with significant wind penetration. The

study finds that a modest amount of energy storage (10 minutes of storage at 25MW in a

system with peak load of 1200 MW) “could substantially reduce the maneuvering of thermal

units.”
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TABLE 2.4

SURVEY OF ENERGY STORAGE REVENUES FOR FREQUENCY REGULATION

Source Power Energy Efficiency Benefit Notes

[15] 1MW 15 min. - $1455/kW (a), (b)
[11] 1-40 MW 15 min. - $785/kW (c)
[11] 1-40 MW 15 min. - $2010/kW (d)
[49] 100 MW 60 min. 70% $287-824/kW (a)
[51] 100 MW - - $717+/kW (a)
[5] 1 MW 2 hrs - $1152-1705/kW (e)
[5] 1 MW 2 hrs - $514-761/kW (f)
[5] 1 MW 2 hrs - $1021-1711/kW (g)

NOTES:(a) Annualized over lifetime of plant using same economic analysis assumptions
as in [2] for ease of economic comparison. (b) Average of the expected revenue for the New
York City area. (c) Assumes a 20% capacity factor. (d) Assumes an 80% capacity factor.
(e) One hour of fast regulation. (f) One hour of regulation. (g) 15 minutes of regulation.

2.4 Capacity Upgrade Deferral

Energy storage can be used by transmission and distribution system operators to defer

upgrades of equipment as the loads in the system grow beyond the capability of installed

equipment. For example, during hours with peak demand, the transmission lines running to

a substation may be at their rated capacity and unable to service the peak load connected

to said substation. If certain conditions are favorable (number of potential overloaded hours

expected each year, expected overload factor due to load growth in the coming years, etc) it

may be more economical to install a relatively small amount of energy storage rather than

upgrade the transmission lines. The installed energy storage would charge during non-peak

hours and discharge during peak hours, making the peak load on the substation effectively

lower and preventing overloading of the transmission lines.

The savings from this type of deferral result from that fact that when equipment is

upgraded, the new capacity limit accounts many year’s worth of load growth but at the time

of installation, very little of that new capacity is used. The system operator has had to pay

up-front for capacity that will not be needed for years rather than just the capacity needed

for the next year. The money saved by using energy storage comes from the delay of the
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large up-front costs. It is worth noting that the benefit to the system operator is a cost

savings affecting the liability side of the ledger rather than an income stream (as in energy

arbitrage). Also, though the savings in cost can reported in $/kW, the amount of savings

earned is fixed. Adding more storage will not generate more savings as the appropriate

amount of storage is determined solely by the expected load growth.

Table 2.5 provides a summary of the estimated savings from using energy storage to

defer system upgrades. It is important to note that the values in this table express the cost

savings of deferring an upgrade for one year in terms of the marginal load expected during

the coming year. In other words, if energy storage could be provided at the stated cost for

one year, it would provide an equivalent financial benefit to performing the actual upgrade.

The cost savings is determined by the rate at which the load is growing, not by the amount

of energy storage installed. When calculating the benefit of the upgrade deferral, the given

value from the table below should be multiplied by the marginal load that is being met, not

by quantity of energy storage used to meet that load.

Many of the same studies that examined the economics of energy storage for in a energy

arbitrage application have also examined its use for upgrade deferral. [2] showed that deferral

savings can vary widely based on costs of the equipment to be upgraded. Savings flatten out

significantly after six hours and storage efficiency has only a minor effect on the economic

benefits. [52] and [53] present a very thorough look at not only the economics of upgrade

deferral but also the calculation of the energy storage power and energy rating necessary,

the most economically beneficial locations for upgrade deferral, and multi-year deferrals. [54]

is a survey of distribution system costs and will facilitate an economic comparison between

energy storage and system upgrade. Relatedly, [55] and [56] study the marginal costs in

distributing electrical energy. [57] develops a means to determining the economic value of

specific transmission lines. [58] summarizes marginal cost of system upgrades for 105 utilities

in the US. [59] suggests that energy storage can be effective at removing congestion costs,

the significant driver for system upgrades. The study was done on the IEEE Reliability Test
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System (25 nodes) and shows that at nodes where energy storage is located, the congestion

component of the LMP can be drastically reduced or eliminated, thereby reducing the need

to upgrade the system at that node.

[7] only looks at combination of energy arbitrage and upgrade deferral. [60] and [56]

provide the theoretical framework for calculating whether particular nodes in a network

could benefit from the use of energy storage for upgrade deferral. [61] reports the successful

use of energy storage to defer upgrades but does not provide cost data. [62] studies a specific

case where the cost of adding an additional line is compared to adding storage. Given the

high variability in installation costs a direct comparison was not determined.

TABLE 2.5

SURVEY OF COST OF TRANSMISSION AND DISTRIBUTION CAPACITY
UPGRADE

Source Year Cost ($/kW) Notes

[56] 1995 166 - 392 (a), (b)
[56] 1995 0 - 197 (c), (b)
[54] 2002 3.9 - 184 (d), (e)
[54] 2002 141 - 1037 (d), (f)
[4] 2003 381 - 600 (g), (h), (i)
[58] 2003 290 - 375 (j)
[58] 2003 65 - 80 (k)
[2] 2004 381 - 600 (l)
[63] 2004 170 - 1900 (i)
[6] 2005 350 (i), (m)

NOTES: (a) Lower quartile to 90th percentile cost of upgrade projects. (b Values are for PG&E, a
California utility. (c) Value are for PSI, and Indiana utility. (d) Values are mean pm the standard deviation
found in the study of 111 utilities. (e) Marginal cost of substations and transformers.. (f) Marginal cost of
lines and feeders. (g) Cites [64] for value; unable to verify from report directly. (h) Values are for average
and top 10% most expensive upgrades in California. (i) Converted from annualized cost to up-front capital
cost using an assumed fixed charge rate of 10%. (j) Distribution upgrade cost, national average (lower) and
PJM (higher). (k) Transmission upgrade cost, national average (higher) and PJM (lower). (l) Cites [65]
for value; unable to verify from report directly. (m) Calculated based on values presented in the generic
upgrade scenario.
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CHAPTER 3

ENERGY STORAGE TECHNOLOGIES AND THEIR COSTS

3.1 Technologies Introduction

As has been mentioned previously, the electrical grid today has very little energy storage.

Of that which is present, pumped hydro is the dominant choice with over 99% of the world’s

energy storage capacity as of 2010 [5]. Pumped hydro stores energy by using pumps to push

water from a lower reservoir to a higher reservoir during low-price periods and then releasing

the water back down through generation turbines as needed. The value and economics of

this technique have proven themselves for high power and high energy applications [66].

Mainly due to the somewhat specific geographic requirements and the established nature of

the technology, pumped hydro will not be examined here. For similar reasons, though there

is currently much discussion of using compressed air for energy storage (see [67], [4], [68],

[69], [30] , [10], [5]), it too will not be considered here. Instead, the focus of this work will

be on technologies that are general enough to be installed with relative ease in arbitrary

locations as needed by a utility such as in a substation or near existing generation.

Most generally speaking, the two primary parameters of energy storage technologies are

the power output (that is, the rate at which energy can be placed on the grid) and the energy

storage capacity. All energy storage technologies can achieve any amount of either of these

through the use of parallel and/or series connection of individual units. The characterization

that will take place in the remainder of this section is not one that defines what is technically

possible but rather, these characteristics define practical possibilities, where the most “bang

for the buck” is in each of these methods of storing energy. Figure 3.1 demonstrates several

authors’ perspectives of the most viable power/energy regions of operation. Many of the

technologies shown on this charts are electro-chemical batteries but there are some notable

exceptions such as flywheels, superconducting magnetic energy storage (SMES), and electric

double-layer capacitors (EDLCs or supercapacitors).
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of production (permanent, portable, renewable, etc.) (Fig. 20) it is meant to support.
It needs to be harmonized with the network.

5.10. Self-discharge

This is the portion of the energy that was initially stored and which has dissipated over a
given amount of non-use time.

5.11. Mass and volume densities of energy

These represent the maximum amounts of energy accumulated per unit of mass or
volume of the storage unit, and demonstrate the importance of mass and volume for
certain applications (especially for mass density of energy in portable applications, but less
so for permanent applications).

5.12. Monitoring and control equipment

This equipment, on both the quality and safety of storage levels, has repercussions on
the accessibility and availability of the stored energy.

ARTICLE IN PRESS

Fig. 20. Fields of application of the different storage techniques according to energy stored and power output
[22].

H. Ibrahim et al. / Renewable and Sustainable Energy Reviews 12 (2008) 1221–1250 1241

(a) Source: [70]
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time at rated power on the Y-axis. For both figures, these comparisons are very broad, intended 
for conceptual purposes only; there are many examples of individual applications and energy 
storage systems that do not fall within the ranges shown. Application requirements and 
technology characteristics are discussed further below. 
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Figure 2-2 
Positioning of Energy Storage Technologies7 

As emphasized previously, energy storage economics is highly dependent on the technology 
costs and potential revenues for both the discharge capacity (MW) and energy storage capacity 
(MWh). In covering a broad array of technologies, benefits, and applications, the relative 
importance of discharge capacity and energy delivery was considered in defining the size 
configuration and technologies modeled for each storage application. However, a detailed 
optimization incorporating technology costs, operational characteristics, and potential revenues 
to determine the best configuration for each technology and application was beyond the scope of 
this study. Furthermore, our modeling does not account for the difference in power delivery 
capability (inertia or momentum), response rates, or maximum ramp rates of storage systems, 
which will be important criteria for certain benefits such as ancillary services and renewables 
integration. 

                                                           
7 The general technology characteristics and ranges of performance indicated in this figure are illustrative, not 
definitive. Specific examples that fall outside the ranges indicated can be found for many of these energy storage 
technologies. For example, Li-ion discharge times can range as high as 2 to 4 hours. 
 

(d) Source: [5]

PHS and Compressed Air Energy Storage (CAES) are III. ENERGY STORAGE APPLICATIONS
excellent technologies but they are geographically restricted. If
suitable from a geological and environmental perspective, they With ESSs a wide spectrum of applications can be covered,
have the lowest total NPV of cost per stored kWh. They will ranging from fast power quality applications to energy
need to be employed where possible but the focus of the management applications in power systems. The applications
remainder of the document is on site independent technologies require energy discharges from a fraction of a second in high
e.g. batteries and TEES (see section III). Table 1 summarizes power applications to hours in high-energy applications. Table
characteristics of different energy storage technologies mainly 2 provides a comprehensive overview of different utility scale
assessed for stationary utility scale applications. However, applications for which ESSs are potentially interesting.
batteries especially Li-Ion will play an important role in Figure 1 illustrates technical requirements for different utility
mobile applications such as Plug-In Hybrid (PHEV) and scale applications (top) and economically justified operating
Electric Vehicles (EV). Vehicle to Grid (V2G) technology ranges of different energy storage technologies (bottom). A
provides a flexible and distributed ESS for frequency superposition of these plots points out the most suitable
regulation reserves and load leveling. Here the battery could combinations of application + ESS. In the next section we
be offered in form of low-cost leasing to the vehicle owner by focus on primary frequency regulation with a Lead acid BESS
the public utility in V2G agreement. and the integration of renewables with a TEES.

dnrlre al~~~~~~~Inegration of71000Renewabiles A. Bulk Energy - Integration of Renewable Sources
1 0 h

~~~~~~~~~.............................................................................................................................. ......................................W.1111111111111111............. IDue to a continuous growth of fossil fuel prices and the
.......................................................................................................................................... ..........~~~~~~~~~...........300.................. introduction of stricter carbon emission laws utilities

E 4 h
*_1 ...........h worldwide are actively investing in renewable energy based

Arb00 t t tiimirage--ll-| generation, mainly wind and solar. For example, it is expected
o EndAWat ~~~~~~~~~~inthe near future that wind generation operating at itspeak Shaving 1 h

maximum output will fully cover the minimum system load in
30 ---------------------- _1Germany. The intermittent nature of wind and solar power' ' ~~~~~~~~~~~~Utilityscale apiplicationis

makes it difficult to dispatch and may cause high temporary
deviations in the load-to-generation balance (can be measured
as a variation of the system frequency).100 kW 1 MW 10 MW 100 MW 1 000 MW For the integration of wind energy a suitable storage system

Pow=er requirement MvlM*- that offers capacities of hours up to several days is desirable.
Hence, a high capacity Thermo-Electric Energy Storage
(TEES) which offers very low marginal cost for large capacity
systems is attractive. TEES is a form of electrical energy

1000 storage that can absorb renewable energy during off-peak
10 h periods and inject it back into the grid during periods of peak

electric load. Thermo-Electric means conversion from
w 3bo ~~~~~~~~~~~~electricity to heat and back with storage of the heat. An

E 4 h optimal TEES technology relies on the combination of a heat
pump and a heat engine, i.e. to charge and discharge a thermal

o> Ni-Ccl storage. In other words the electrical energy is converted into
1 h heat and stored in a well insulated solid or liquid material with

~- -.I tsuitable thermodynamic properties. The storage duration
30 :uu1111111111111111_ depends on the extent of insulation of the storage media and

can be several days long without significant loss of roundtrip
10 IQWh6I1 0 mi efficiency. TEES technology is estimated to have favorable

1 00 kWN 1 MW 10 MW 100 MW 1000 MW economies of scale. The expected roundtrip efficiency for
Power requirement [MW] TEES can be up to 60% (optimized case with a heat pump).

In the following section we look at the most simple form of
Fig. 1. ESS applications (top) and technologies (bottom). thermoelectric energy storage in which electricity is converted

Dashed area for PHEV+EV* represents 1 million vehicles with to heat by means of resistors. This approach has a limited
20-50 kWh capacity, where 10%/ of this capacity is available roundtrip efficiency of only around 40% but is the cheapest

for utility applications solution. In general, the value of a storage technology depends
on two factors: on one hand the pair cost + efficiency of the

(e) Source: [70]
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Figure 3.1: Comparison of power and energy characteristics of various energy storage tech-
nologies
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3.2 Battery Chemistry

Though not all the energy storage technologies that will be discussed are chemical bat-

teries, the energy storage mechanism in batteries may be the most non-obvious and thus a

brief tutorial on their operation is in order. This presentation is based on material found

in [73], one of many fine undergraduate chemistry textbooks that cover these fundamentals

well.

There are six major components to the successful operation of a chemical battery. Gen-

erally speaking these are required components but depending on the particulars of the chem-

istry they may not all be essential. Each component will be discussed in detail.

1. A spontaneous reduction-oxidation (redox) chemical reaction.

2. A physical barrier blocking direction electron transfer between the two sites of the of

the redox reaction.

3. Physical contact between the site of the chemical reaction and the external circuit

(electrodes).

4. A path for the electrons created by the redox reaction to flow through (electrical

circuit).

5. A barrier between the two reaction sites that allows ions to move freely but is imper-

meable to electrons.

6. Electrolyte(s) to facilitate the transport of ions between the two reaction sites.

3.2.1 Spontaneous redox reaction

Fundamentally, all chemical batteries are composed of two distinct but related chemical

reactions: oxidation and reduction. Constructing these two reactions in the proper arrange-

ment allows the creation of one battery cell and it is common to refer to each reaction as

taking place in its own half-cell. The half-cell where the oxidation reaction takes place is

20



called the anode; that reaction is defined by the ionization of a chemical compound to create

one or more free electrons. Conversely, the half-cell where reduction takes place is called the

cathode and it is here where the free electrons that were generated by oxidation react with

chemicals in the cathode. For example:

Oxidation: Zn −−→ Zn2+ + 2 e−

Reduction: Cu2+ + 2 e− −−→ Cu

For this process to work effectively, the reaction in both half-cells must be spontaneous.

There is a thermodynamic principle that can be used to analytically determine whether a

given reaction will be spontaneous or not but for the purposed of this discussion it is simplest

to think more generically; spontaneous reactions are those that proceed without any external

intervention or prompting. For a particular battery chemistry to be successful, chemicals

must be paired so that spontaneous redox reactions occur.

3.2.2 Indirect redox reaction

For a redox reaction to be useful as a battery, it is important to be able to physically

separate the two parts of the reaction. For example, the same redox reaction discussed

above, could be made to take place by putting a zinc strip in an aqueous solution of of

copper sulfate. The reaction that would occur could be written as :

Redox: Cu2+ + Zn −−→ Cu + Zn2+

In this reaction, the copper in solution precipitates out as a solid while the zinc strip dissolves

into the solution. Note that though the notation makes no mention of the electrons being

transferred from the zinc to the copper (oxidation and reduction) this process is taking place

as shown in Figure 3.2. The scenario described above is an example of of a direct redox
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reaction where the two species involved (zinc and copper) come into direct contact with one

another and thus transfer electrons directly.

Figure 3.2: Direct electron transfer when zinc is placed in a copper sulfate solution [73].

Direct redox reactions have one critical flaw when trying to construct a battery: since

the electron transfer is direct, there is no possibility of using that transfer in an external

electric circuit. To build a functional battery, this transfer must take indirectly, where the

two reacting elements never come into contact and can only exchange electrons through an

indirect conductive path. In the example of our zinc-copper redox reaction, this can be

achieved by physically isolating the half-cells. For the oxidation reaction, a strip of zinc

can be placed in a container with a solution of zinc sulfate solution and for the reduction

reaction, a strip of copper can be placed in a separate container of copper sulfate solution.

By electrically connecting the the zinc and copper strips, the electrons generated by the

oxidation of the zinc can migrate through the wire and take part in the reduction of the

copper.

3.2.3 Electrodes

For a chemical battery to be useful, the site of the oxidation and the reduction reactions

must be electrically accessible. The purpose of an electrode is to supply this accessibility. In

the zinc-copper half cells discussed above, the zinc and copper strips themselves were acting

as electrodes, allowing the reactions taking place in the solution to be easily accessible. In
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this example, the electrodes are considered active in that they directly taking part in the

redox reaction. Some batteries use passive electrodes that do not take part in the reaction

and only serve to aid in the transport of electrons.

3.2.4 External electrical circuit

The two half-cell construction discussed above makes it possible to force the electrons to

flow through any conductive path between the two electrodes. This enables the redox reaction

to be highly useful but more fundamentally, allows the redox reaction to exist. If the two

half-cells discussed were not electrically connected, the oxidation-reduction reaction would

not take place and no free electrons would flow between the two; the electrical connection

enables the reaction to occur. Figure 3.3 shows the process by which indirect electron transfer

takes place.

Figure 3.3: The two half-cell construction of the zinc-copper battery makes it possible for
electrons oxidized at the zinc anode (causing zinc ions to enter the zinc-sulfate solution) to
be reduced at the copper cathode (causing copper ions to exit the copper sulfate solution).
The transfer of electrons through the external circuit enables this reaction [73].

3.2.5 Ion transfer membrane

The zinc-copper redox reaction has a critical flaw using the set-up shown in 3.3. Prior to

connecting the two half cells, the solution around each electrode is in equilibrium with the

anode solution being comprised of Zn2+ and SO4
2– (the disassociated ions of zinc sulfate)
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while the cathode solution is made of Cu2+ and SO4
2– (the disassociated ions of copper

sulfate). The net electrical charge of each solution is neutral.

Once the two half-cells are electrically connected, the electrons begin to flow from the

zinc electrode. The oxidation reaction results in more positively charged Zn2+ ions entering

into the solution from the zinc electrode. Similarly, the electrons arriving at the anode are

used for the reduction of copper thus removing more and more Cu2+ from the solution as

they emerge as solids on the copper electrode. The result is a net charge imbalance between

the two half-cells with the anodic solution becoming more and more positive (excess of Zn2+

ions) while the cathodic solution becomes more and more negative (excess of SO4
2–). As

the charge imbalance increases, electrons are less attracted to the cathode and the rate of

the redox reaction slows until the charge imbalance becomes so great as to bring the redox

reaction to a halt. The copper electrode has become too negatively charged to attract any

more electrons.

For a sustained redox reaction to take place, the flow of electrons to the reduction site

(the cathode) needs to balanced by a flow of negative ions to the oxidation site (the anode).

As has already been shown, this cannot be achieved by simply placing the zinc and copper in

the same solution; this will result in direct electron transfer and prevent the redox reaction

from being useful. Instead, a barrier must be placed between the two solutions that allows

the anions (negatively charged ions) from the reduction side of the cell to migrate freely to

the oxidation half of the cell as shown in Figure 3.4. This barrier must also be impermeable

to electrons so that they will still flow through the external electrical circuit.

In chemistries where the electrolyte solution is the same for both half-cells, such as in the

lead-acid battery where the electrolyte is diluted sulfuric acid, no ion transfer membrane is

needed. The reaction at the anode removes SO4
2– from the sulfuric acid electrolyte solution,

making it more acidic. At the lead-oxide cathode, the electrons from the anode arrive to

bond with the H+ in the electrolytic solution and the oxygen in the lead-oxide to form water,

leaving lead sulfate at the cathode. Both half-cell reactions use the SO4
2– ion that is in the
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Figure 3.4: Zinc-copper battery operation showing the role of the ion transfer barrier in
maintaining charge neutrality in both half-cells [73].

electrolyte solution and thus there is no need for an ion-permeable membrane between the

two electrodes. The two half-cell reactions are:

Oxidation: Pb + SO4
2− −−→ PbSO4

+ + 2 e−

Reduction: PbO2 + SO4
2− + 4 H+ + 2 e− −−→ PbSO4 + 2 H2O

To be clear, in the zinc-copper battery, the removal of the ion-permeable membrane would

cause the battery to cease to function. The copper ions in solution from the copper half-cell

would directly react with the zinc electrode and the direct electron transfer would reduce

the copper out of solution without the electrons ever flowing through an external electrical

circuit (see Figure 3.2).

3.2.6 Electrolyte

The electrolyte serves as a reservoir of ions in solution that are able to move back and

forth between the two electrodes. As the electrons flow from the anode through the external
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circuit to the cathode, anions (negatively charged ions) are flowing back towards to anode to

maintain the balance of charge between the two half-cells, as discussed above. The electrolyte

is the ion-conductive medium through which these ions flow and often is the source of those

same ions. In the case of the zinc-copper battery, each half-cell has its own electrolyte

solution: zinc sulfate for the anode and copper sulfate for the cathode. The ion transfer

membrane connecting the two half-cells allows the sulfate ions (SO4
2–) to move between the

two half-cells. For lead-acid batteries, the common electrolyte between the two half-cells is

sulfuric acid where the sulfate ion is used in the reaction at both half cells.

It is worth noting that the anions are an essential ingredient in maintaining the redox

reaction that allows a battery to provide electrical current. If for any reason the flow of anions

between the electrodes stops, the accumulation of charge (negative at the cathode, positive

at the anode) will cause the spontaneous reaction to stop. In the zinc-copper battery, when

all of the SO4
2– in solution with copper in the reducing half cell has migrated to the oxidizing

half-cell, the battery will stop providing current and be considered discharged. In lead-acid

batteries, since both half-cells use the sulfate ion, once the solution has been depleted of

these ions, the battery would also be considered fully discharged.

3.2.7 Battery Recharging

Batteries whose chemical reactions are reversible or rechargeable are called secondary

batteries. To drive the reaction in reverse a voltage above the battery voltage is applies

to the electrodes. Using the zinc-copper battery as an example, the specific reactions can

be seen below. Note the location change in the oxidation and reduction reactions when

comparing charging vs discharging.
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Discharge

Oxidation: Zn −−→ Zn2+ + 2 e−

Reduction: Cu2+ + 2 e− −−→ Cu

Charge

Reduction: Zn2+ + 2 e− −−→ Zn

Oxidation: Cu −−→ Cu2+ + 2 e−

3.2.8 Battery Voltage

The voltage at the terminals of a battery (composed of many individual half-cell pairs

connected in series and parallel) is a function of many factors related to the specifics of the

chemistry involved. Fundamentally, the chemistry of a battery determines the theoretical

voltage of a cell under given conditions. It is the combination of chemicals used in each half-

cell that dictate, for example, that the cell voltage of a lead-acid battery is ~2.05V while the

zinc -copper battery has a cell voltage of ~1.1V. Being driven by chemical reactions, these

voltages are also a function of the temperature at which the reaction takes place and the

concentration of the anions in each half-cell. Some chemistries have redox reactions that

are exothermic and some are endothermic and in many chemistries the concentration of the

anions in the electrolyte changes as the battery charges and/or discharges. The result is

a battery terminal voltage that changes noticeably from fully charged to fully discharged

which can affect the performance of the system using it as a power source.

Furthermore, there are more subtle and complex mechanisms that can lead to reduced

performance from a battery. Impurities in the materials used, mechanical failures in elec-

trodes, loss of material in the anode and cathode due to “side-effect” reactions (often going

by the name “corrosion”) all contribute to the untimely demise of batteries. The simple

chemistry above implies an infinite lifetime but the reality is that many batteries only sur-
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vive hundreds or a few thousands of charge/discharge cycles. When trying to construct a

bulk energy storage system, this life cycle limit is a significant factor in determining the

economic viability of such a system and cannot be ignored.

The remainder of this section will summarize several various energy storage technologies

and their characteristics. Table 3.1 contains the quantitative details of each technology and

implementation while the text for each section examines the characteristics qualitatively,

including details not conducive the to tabular format. [10] contains an excellent well-sourced

table with much of the characteristic data as well.

Along with their characteristics, the modeling of these energy storage technologies will

also be discussed. As with any moderately complex system, the types and purposes of

existing models are quite varied but they generally fall into several categories; these categories

are not necessarily mutually exclusive.

• Electro-chemical: These models are the most comprehensive and detailed as they

model the chemical processes that give rise development of electrical potential (voltage)

and charge delivery capacity (storage). Due to the first-principles nature of these

models, all other models are directly or indirectly simplifications of an electro-chemical

model. These models are often complex, take the most computational resources, and

are more useful in studying specifics of the battery chemistry rather than the behavior

of the battery in a particular application. Examples can be seen in [74]. [75], and [76].

• State-of-charge (SOC) and terminal voltage: Arguably, the two most important

characteristics of any battery are the amount of energy stored (state-of charge) and its

terminal voltage. As simplification of the electro-chemical model, these models seek to

maintain some of the dynamic relationships present in the chemistry while avoiding as

much of the full model complexity as possible. These models may use Peukert’s law [77]

or the Shepard equation [78], for example. Other examples can be seen in [79], [80].
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• Electrical circuit equivalent: For use with traditional circuit analysis, a battery

needs to be represented using known circuit components. The simplest of these is an

ideal voltage source with an internal resistance with the complexity growing through

the inclusion of multiple branches using additional resistors, capacitors, and diodes,

all trying to account for the more complicated and non-ideal behavior of batteries.

Examples can be seen in [81], [82], [83] and [84].

• Degradation and aging: All batteries have a finite lifetime which is influenced by a

variety of factors such as temperature, number of cycles and depth of discharge [85].

Degradation and aging models seek to capture these effects and often represent them

as functions that define how parameters in other models should change during the

operation of the battery. Examples can be seen in [86], [87], [79], [88].

3.3 Lead-Acid

3.3.1 Characteristics

Lead-acid batteries are a well-established, mature battery technology that has been in

use for over a century and is still widely used today [10]. The battery uses lead oxide at

the cathode and lead at the anode with dilute sulfuric acid serving as the electrolyte [4].

The reduction-oxidation reaction that takes places to charge and discharge the battery is

relatively simple one that has allowed the use of lead-acid batteries to spread into many

applications. Many transportation systems use them to start fossil-fuel engines and they

are the “go-to” battery of choice when systems have no particularly special requirements as

their cost per kWh is one of the lowest. The relatively low cycle life of the batteries is not

an issue in these situations as the number of charge-discharge cycles per usage is very low.

In more weight-conscious applications, though, the battery is rarely used as the mass energy

density is fairly low (30-50 Wh/kg [90]).

There are several commonly used variations of the lead-acid battery. Traditional lead-

acid batteries are the so-called “flooded-type” in which the electrodes are submerged in a
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TABLE 3.1

SURVEY OF ENERGY STORAGE CHARACTERISTICS

Cycle Life Self-Discharge/ Efficiency Purchase cost Balance of Maintenance Technology
Source (no. of cycles) Parasitic Loss (% round-trip) ($/kWh) ($/kW) plant ($/kWh) Cost Maturity Notes

Lead Acid
[89] 500-1500 2-5%/month 80 - - - - Mature -
[90] 500-1000 0.1-0.3%day - 300-600 200-400 - - Mature -
[72] - - 80-85 80-120 - - $1-2/kW-yr - -
[72] 300-500 - 78 100-150 - - - - -
[5] 2200 - 85-90 425-475 1700-1900 - - Mature -
[91] 1500 “very low” - 50-100 - - - - -
[92] - - - 100 0 - $0.02/kWh - -
[22] 300-500 40%/year 75(d) - 120 - - - -
[93] 500-1200 - 75 750-1000 - - - “***/***” (f)
[94] - - 75-85 325 315 - $24.1/kW/yr - -
[95] - 0.1%/day 75 200 125 150 $15/kW-yr - (a)
[95] - 0.1%/day 75 150 125 150 $5/kW-yr - (b)

Sodium Sulfur (NAS®)
[89] 2500 - 90 - - - - Early Comm. -
[90] 2500 20%day - 300-500 1000-3000 - - Demo. -
[67] 2500 2.2-3.4 kW 84-89 - - - - Demo. -
[5] 4500 - 75 520-550 3100-3300 - - Mature -
[96] - - 78 - - - $0.46/kW-yr - -
[22] 3142(g) “No” 89-92 (d) - - - - Early Comm. -
[97] 2500 - ~75 474-1776 - - - “**” (e), (f)
[93] 2500-4500 - 75-80 750-1500 - - - “**/***” (f)
[98] 2500 - 77 208-500 - 0 $20/kW - (c)
[94] - - 85-90 508 508 - $23.1/kW/yr - -
[95] - 0.05%/day 70 250 150 50 $20/kW-yr - -
[99] 2500 “no” 90 - - - - - -
[100] 5000-20000 - - 150-300 - - $15-90/kW - -

Vanadium Redox Flow Battery
[90] 12,000+ “small” - 150-1000 600-1500 - - Demo. -
[72] - - 78 - - - - - -
[67] 1500 - 70 100-410 426-700 - $0.2-4/kW-yr Demo. -
[5] >10000 - 65-75 620-740 3100-3700 - - Demo. -
[92] - - - 150 426 - $0.008/kWh - -
[97] 3000 - 70-75 236-2131 - - - “*” (e)
[93] 500-2000 - 70 500-2000 - - - “**/***” (f)
[98] 10000 - 70 500-700 - 30 $20/kW - (c)
[22] >13000 “Not Significant” 70-75 (d) - - - - Early Comm. -
[94] - - 75 442 883 - $32.2/kW/yr - -

Flywheels
[90] 20,000+ 100%/day - 1000-5000 250-350 - - Early Comm. -
[72] - - 90 100-800 200-250 - $7.5/kW-yr - -
[67] 100,000 25W/kWh 70-80 - 189-410 - $45-60/kW Comm. -
[5] >100000 - 85-87 7800-8800 1950-2200 - - Demo. -

[91] 107 “very high” - 400-800 - - - - -
[22] >100000 1-10%/hr 85-90 (d) 300 150 - $4000/kWh Early Comm. -

[93] 106 - >90 1000-2000 - - - “*/***” (f)
[98] - - 95 1000 - 0 $1000/yr - (c)
[94] - - 70-80 370000 206 - $27.5/kW/yr - -
[95] - 0.05%/hr 95 1000 300 - $1000/yr - -

[99] 106 1-10%/hr 90-95 - - - - - -
[100] 100k - 2000k - - 3000-8000 - - $20-30/kW - -

Electric Double-Layer Capacitor (EDLC or supercapacitor)
[90] 100,000+ 20-40%/day - 300-2000 100-300 - - - -
[67] 100,000 - 90-96 - 210-708 - $29-350/kW Comm. -

[22] 106 10%/day 95 (d) 100 120 - $5000/kWh Comm. -
[94] - - 100 370000 203 - $19.9/kW/yr - -

[99] 106 10%/day 90 - - - - - -

Superconducting Magnetic Energy Storage (SMES)
[90] 100,000+ 10-15%/day - 1000-10,000 200-300 - - Comm. -
[22] 1000-3000 “Cooling Power” 90-95 (d) 275 975 - $1000/kWh Comm. -
[94] - - 95 560000 309 - $34.6/kW/yr - -
[99] 1000-3000 “Cooling Power” <95 - - - - - -

NOTES: (a) Flooded cell. (b) Vent regulated. (c) Data combined from manufacturers and [95]. (d) Ignores losses from power electronics. (e)
Price based on exchange rate on January 1st, 2006. (f) No explicit interpretation of the “*” ratings is given by the author but it can be assumed
that it is some kind of subjective relative statement of maturity. (g) Based on internal testing.
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container of sulfuric acid as electrolyte. These batteries are not sealed and water in the form

of hydrogen and oxygen (by-products of the structure and chemistry of the batteries) is able

to vent to the atmosphere; as such these batteries require regular watering to maintain proper

operation. An alternative style of battery seals the battery to prevent venting removing

the need to add water and thus are sometimes marketed as “maintenance-free” batteries.

These sealed batteries often use a gel for the electrolyte which allows the battery to be

oriented freely [101]. [102] and [103] provides detailed explanation on the development and

construction of a valve-regulated (“sealed”) lead-acid battery. [101] also provides a good

overview of the development of the lead-acid battery over the past several decades . [104]

provides a good look at the qualitative characteristics of both lead-acid and VRLA batteries.

The half-cell reactions for this battery are shown below, from [73]. Figure 3.5 is a diagram

of the typical flooded lead-acid battery

Discharge

Oxidation: Pb + SO4
2− −−→ PbSO4

+ + 2 e−

Reduction: PbO2 + SO4
2− + 4 H+ + 2 e− −−→ PbSO4 + 2 H2O

Charge

Oxidation: PbSO4
+ + 2 e− −−→ Pb + SO4

2−

Reduction: PbSO4 + 2 H2O −−→ PbO2 + SO4
2− + 4 H+ + 2 e−

 11 

 

Figure 1. 4: Diagram of ion and electron flows in a discharging lead-acid cell 

 

 

Figure 1. 5: Diagram of Lead Acid Discharge Reactions at NAM [5] 

Figure 3.5: Simplified diagram of lead-acid battery from [105].
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3.3.2 Existing Models

Again, as the most mature battery technology, lead-acid batteries have the most de-

tailed and comprehensive models available. Many of the models available are electric circuit

equivalent. [106], [84], [77] all developed multi-order, non-linear models. [107] developed a

similar model and went one step further in comparing simulation results to experimentally

observations.

[76], in contrast, developed a comprehensive electro-chemical model addressing positive

grid corrosion, acid stratification in the cell, and degradation of active mass. This model

is then used to predict battery lifetimes in stand-alone PV installations. Similarly, [108]

developed a model for use in a system’s simulation context (Simulink) which addresses self-

discharge and the gassing that occurs under high charge and discharge rates. The breadth

and depth of the available models for lead-acid batteries is extensive.

3.4 Flywheels

3.4.1 Characteristics

Flywheels have been used as very short-term energy storage devices in mechanical system

for over a century [109]. For example, in four-stroke, single cylinder internal combustion

engines, the flywheel is “charged” when combustion takes place in the cylinder when the

force of the combustion accelerates it. The flywheel is “discharged” in the following cycle

when the exhaust gases are vented and the energy of the rotating mass keeps the system in

motion even though no external force (combustion) is being applied. The storage of energy

is expressed in the speed of rotation of a mass and is defined by

E =
1

2
Jω2 (3.1)

where

E is the energy of the system
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J is the moment of inertia about the rotational axis

ω is the rotational speed

In bulk energy storage applications the primary shaft of the flywheel has permanent

magnets embedded in it and acts as the rotor on an induction machine. Coils placed near

these magnets act as stator windings and through a power converter, are attached to the grid.

[67] When the flywheel is being charged, the electric machine acts as a motor, accelerating

the mass and when it is being discharged, the machine acts as a generator which slows down

the speed of rotation.

For many uses in the electrical grid, the time between charging and discharging will

be minutes to hours so the steady-state losses of the system must be very low. To this

end, some flywheel designs place the rotating mass in a low vacuum to reduce friction [91].

Additionally, it is common to use magnetic bearings to support the flywheel and induction-

based machines which require no mechanical contact between the rotating flywheel and the

generating coils [110]. Even with all this effort to reduced friction, the steady-state losses of

flywheels are quite high compared to electro-chemical batteries (see Table 3.1). A diagram

of a magnetic bearing flywheel can be seen in Figure 3.6.
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Figure 3.6: Architecture of flywheel energy storage device from [111].
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Despite these losses, there are several distinct advantages to the flywheel energy storage.

The most significant is long cycle-life as compared to chemical batteries, at least two orders of

magnitude more. With no chemical reactions and virtually no friction, the wear-and-tear on

flywheels is extremely minimal, providing very long product lifetimes. The most significant

wear-out mechanism in the flywheel proper is the loss of mechanical integrity leading to the

break-up of the flywheel due to the stress put on the mass under high rotational speeds; see

[112] [111]. In addition to the long lifetimes, another advantage of the flywheel is the ability

to directly measure the amount of energy it is storing by measuring its rotational speed [113];

the state-of-charge (SOC) in chemical batteries is always an estimate [82]. Lastly, energy

stored for very short periods of time (where the steady-state losses are trivial compared the

energy transaction) experience very high efficiency [4]; this similar to other technologies such

as super capacitors and in contrast to others like chemical batteries.

Though the idea of storing energy in a flywheel is centuries old, the application for bulk

energy storage for the electrical grid is fairly new. There are several companies that have

installed pilot and demonstration projects around the world [10]. Most recently, in May 2012,

Beacon inaugurated a 20-MW flywheel installation in Stephenson, NY as an ancillary service

provider (VAR support, frequency regulation) but due to politics regarding their federally

backed loans and market designs that undervalued the services being provided, Beacon was

recently forced into bankruptcy [114].

3.4.2 Existing Models

Modeling of the energy storage mechanism proper in flywheels is very simple as shown

in equation 3.1. There has been some work done in modeling the flywheel system as a whole

such as in [115], [116], [117], and [118]. These works try to include details regarding system

losses, electric machine models, and power converters. A more specific approach is modeling

flywheel energy storage is to use a model of an electric induction machine (and the associated
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power electronics) and increase the inertia of the rotor to represent the mass of the flywheel.

Examples of this approach can be seen in [116], [119], [120], [121], [122], and [123].

There is also significant research being done into the control systems for the active mag-

netic bearings (AMB) used to suspend the flywheel. Works such as [110], [124], [125], [120],

and [126] are concerned with the modeling and control of the electromagnetics and mechan-

ical dynamics of keeping the rotor shaft stabilized while the system is in use. Such concerns

are too detailed when modeling energy storage use in the bulk electrical system and thus are

of limited use.

3.5 Sodium Sulfur (NaS)

3.5.1 Characteristics

Sodium sulfur batteries are one of the newer battery types to be developed for bulk energy

storage. Invented by Ford in the 1960s they got their start as energy storage for electric

vehicles [127] and in recent years have been championed by one of their largest manufacturers

(NGK Insulators in Japan) for bulk energy storage applications [128]. The basic battery cell

is unique in a number of ways: it operates at high temperatures (300◦C) and it uses a

solid aluminum electrolyte (as compared to the more common aqueous electrolyte such as

in lead-acid batteries) [129]. As compared to lead-acid batteries, sodium-sulfur batteries are

characterized by a higher energy density, higher cycle life, minimal maintenance, and higher

short-term pulse energy output [130].

As of this writing, this technology could not be considered fully mature. The underlying

process and operation of this battery cell has clearly been proven in the lab and there are

a number of installation around the world where these batteries have been or continue to

be in use (see [130], [131], [132], [133], and [134]). The technology has clearly jumped from

a lab demonstration to a viable “real-world” product but it does not appear to be in large

commercial production and enjoying the cost benefits of economies of scale.

The half-cell reactions for this battery are shown below, from [135] and [67]. Figure 3.7

shows a diagram of the basic cell architecture.
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Discharge

Oxidation: 2 Na −−→ 2 Na+ + 2 e−

Reduction: 5 S + 2 e− −−→ S5
2−

Charge

Reduction: 2 Na+ + 2 e− −−→ 2 Na

Oxidation: S5
2− −−→ 5 S + 2 e−

25 8C) which makes them ideal for long-term storage applications.
However, the limiting factors for these batteries are the relatively
low cycle life and battery operational lifetime. Typical lifetimes of
lead–acid batteries are between 1200 and 1800 charge/discharge
cycles or 5–15 years of operation. The cycle life is negatively
affected by the depth of discharge and temperature. Attempts to
fully discharge the battery can be particularly damaging to the
electrodes, thus reducing lifetime. Regarding temperature levels,
although high temperatures (up to 45 8C which is the upper limit
for battery operation) may improve battery performance in terms
of higher capacity, they can also reduce total battery lifetime as
well as the battery energy efficiency.

The nickel-based batteries are mainly the nickel–cadmium
(NiCd), the nickel–metal hydride (NiMH) and the nickel–zinc
(NiZn) batteries. All three types use the same material for the
positive electrode and the electrolyte which is nickel hydroxide
and an aqueous solution of potassium hydroxide with some
lithium hydroxide, respectively. As for the negative electrode, the
NiCd type uses cadmium hydroxide, the NiMH uses a metal alloy
and the NiZn uses zinc hydroxide. The rated voltage for the alkaline
batteries is 1.2 V (1.65 V for the NiZn type) and typical maximum
energy densities are higher than for the lead–acid batteries.
Typically, values are 50 Wh/kg for the NiCd, 80 Wh/kg for the
NiMH and 60Wh/kg for the NiZn. Typical operational life and cycle
life of NiCd batteries is also superior to that of the lead–acid
batteries. At deep discharge levels, typical lifetimes for the NiCd
batteries range from1500 cycles for the pocket plate vented type to
3000 cycles for the sinter vented type. The NiMH and NiZn have
similar or lower values to those of the lead–acid batteries.

Despite the above advantages of the NiCd batteries over the
lead–acid batteries, NiCd and the rest of the nickel-based batteries
have several disadvantages compared to the lead–acid batteries in
terms of industrial use or for use in supporting renewable energy
power systems. Generally, the NiCd battery is the only one of the
three types of nickel-based batteries that is commercially used for
industrial UPS applications such as in large energy storage for
renewable energy systems. However, the NiCd batterymay cost up
to 10 times more than the lead–acid battery. On top of that, the
energy efficiencies for the nickel batteries are lower than for the
lead–acid batteries. The NiMH batteries have energy efficiencies
between 65 and 70% while the NiZn have 80% efficiency. The
energy efficiency of the NiCd batteries varies depending on the
type of technology used during manufacture. For the vented type,
the pocket plate have 60%, the sinter/PBE plate have 73%, the fibre
plate 83% and the sinter plate have 73% energy efficiency. Finally,
the sealed cylindrical type of NiCd batteries has 65% energy
efficiency. Another dimensionwhere theNiCd batteries are inferior
to the lead–acid batteries is the self-discharge rate. Self-discharge
rates for an advancedNiCd battery aremuch higher than those for a
lead–acid battery since they can reach more than 10% of rated
capacity per month.

The third major type of battery storage technology is the
lithium-based battery storage system. This technology has not yet
been used for energy storage in the context of an uninterrupted
power supply (UPS) system although such applications are being
developed. Currently, lithium battery technology is typically used
inmobile or laptop systems and in the near future it is envisaged to
be used in hybrid or electric vehicles. Lithium technology batteries
consist of two main types: lithium-ion and lithium-polymer cells.
Their advantage over the NiCd and lead–acid batteries is their
higher energy density and energy efficiency, their lower self-
discharge rate and extremely low maintenance required. Lithium-
ion cells, with nominal voltage around 3.7 V, have energy densities
ranging from 80 to 150Wh/kg while for lithium-polymer cells it
ranges from100 to 150Wh/kg. Energy efficiencies range from90 to

100% for both these technologies. Power density for lithium-ion
cells ranges from 500 to 2000W/kg while for lithium-polymer it
ranges from 50 to 250W/kg.

For lithium-ion batteries, self-discharge rate is very low at
maximum 5% per month and battery lifetime can reach more
than 1500 cycles. However, the lifetime of a lithium-ion battery is
temperature dependent, with aging taking its toll much faster at
high temperatures, and can be severely shortened due to deep
discharges. This makes lithium-ion batteries unsuitable for use in
back-up applications where they may become completely dis-
charged. In addition, lithium-ion batteries are fragile and require a
protection circuit tomaintain safe operation. Built into each battery
pack, theprotection circuit limits thepeakvoltageof eachcellduring
charge and prevents the cell voltage from dropping too low on
discharge. In addition, the cell temperature is monitored to prevent
temperature extremes. Themaximumcharge and discharge current
on most packs are also limited. These precautions are necessary
in order to eliminate the possibility of metallic lithium plating
occurring due to overcharge.

Lithium-polymer battery lifetime can only reach about 600
cycles. Regarding its self-discharge, this is much dependent on
temperature but it has been reported to be around 5% per month.
Compared to the lithium-ion battery, the lithium-polymer battery
operational specifications dictate a much narrower temperature
range, avoiding lower temperatures. However, lithium-polymer
batteries are lighter, and safer with minimum self-inflammability.

Currently research into lithium-based batteries is mainly con-
cerned with cost reduction by use of cheaper materials, lifetime

Fig. 3. Basic 2 V NaS cell/battery operation.

I. Hadjipaschalis et al. / Renewable and Sustainable Energy Reviews 13 (2009) 1513–15221516

Figure 3.7: Simplified diagram of NaS battery from [91]. The flow of the sodium ions through
the aluminum electrolyte is balanced by the flow of electrons through the battery terminals.
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3.5.2 Existing Models

Due to the less mature state of sodium-sulfur batteries the modeling is not as extensive or

as publicly available as that for lead-acid batteries [21]. Most of the literature on modeling

works from the framework used for traditional battery chemistries and modifies and extends

it for sodium-sulfur batteries. The most common model used is an electrical circuit model

with varying resistance for the charge and discharge path such as in [136] and [83]. These

models also include another series resistance that captures the cycling effects that lead to

lower terminal voltages as the batteries age. [135] has run simulations and finds favorable

comparison between this model’s performance to experimental data.

3.6 Flow Batteries

3.6.1 Characteristics

Flow batteries occupy a unique space in the chemical battery world. They are similar

in architecture to traditional chemical batteries in that they have two electrodes, each in

its own electrolyte solution connection by an ion-permeable membrane. Rather than having

the oxidation and reduction reaction taking place at the electrodes, though, it takes place

in the electrolyte itself [137]. Using the vanadium redox flow (VRF) battery as an example

(chemical equations shown below), the anolyte (anode-side electrolyte), vanadium sulfate

oxidizes giving off an electron which travels through an external electrical circuit to be

reduced in the catholyte (also vanadium sulfate). (Since VO2
+ is a form of the V5+ ion

and VO2+ is a form of the V4+ ion, it can be seen that vanadium is unique in that it has

four oxidation states in usable forms). The actual chemistry involved is more complicated;

see [138] for full chemical equations.) The electrode itself only serves to aid in the transport

of the electrons and is not directly involved in the reaction; it is a passive electrode.
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Discharge

Oxidation: V2+ −−→ V3+ + e−

Reduction: VO2
+ + e− + H+ −−→ VO2+ + H2O

Charge

Reduction: V3+ + e− −−→ V2+

Oxidation: VO2+ + H2O− −−→ VO2
+ + e− + H+

With the reaction taking place in the electrolyte, it is possible to define the energy storage

capacity of the battery in terms of the amount of electrolyte available to each half cell and

it is common to store most of the electrolyte in external tanks which are pumped through

the half-cell reaction chambers. The net results is a battery where the energy capacity is

determined by the amount of electrolyte available in external tanks and the power capacity

is determined by the size and/or number of cells that compose the reaction chamber. Figure

3.8 provides a simplified diagram showing the operation of the battery.
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Fig. 1 - Schematic of a RFB energy storage system. 
 
 

Ions migrate from one electrode to the other (from anode 
to cathode) through the ion exchange membrane, which is a 
good protonic conductor and a poor electronic conductor. 
On the other hand, electrons are instead forced in the 
external circuit, thus allowing for the electric energy 
exchange. The cell must operate at room temperature for 
keeping solutions in liquid phase. This condition implies 
that the ion exchange membrane should be made of a 
polymeric material. Both half-cells are connected to two 
external tanks where the electrolyte solutions are stored and 
are circulated by means of two pumps. In order to design an 
RFB storage system, expertise in electrochemistry, 
chemistry, chemical engineering, electrical engineering, 
power electronics, and control engineering are required.  
 
2.2. RFB features 

 
The RFB can be regarded as a sort of Fuel Cell (FC), since it 
can generate electrical power as long as it is continuously 
fed with fuel and its structure is very similar to that of a 
Polymer Electrolyte Membrane Fuel Cell (PEMFC). An 
RFB feature similar to that of FCs is that electrochemical 
energy is stored in tanks, which are separated from the cell, 
where power conversion occurs.  

Independent dimensioning of the power and energy size of a 
RFB system is thus possible and this feature allows for 
virtually unlimited capacity simply by using larger and 
larger storage tanks, while maintaining the same battery and 
power conversion sizing. Compared to other 
electrochemical systems, which incorporate in a single 
device energy and power, RFBs result more advantageous 
when generation at maximum power for 4-6 hours or more 
is needed. They also can be fully discharged and left so for 
long periods with no ill effects. 

An RFB consists of a sandwiched structure made of 
electrodes and proton conducting electrolyte membrane that 
looks like the Membrane electrode Assembly of a PEMFC 
(Fig. 2). The electrolyte solutions reach the electroactive 
sites within the electrodes by flowing through porous 
diffusive layers made of materials such as carbon felt. 
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Fig. 2 – Schematic of a RFB: the MEA is interleaved between 

anode and cathode bipolar plates.. 

 
 

Conversely to an FC storage system, that requires a 
specific device, i.e. the electrolyzer, for converting electrical 
energy into hydrogen and oxygen, RFBs are reversible 
devices, which can operate with bidirectional power flows.  

A second advantage of RFBs with respect to FCs is that 
their fuels are not hazardous gases such as hydrogen and 
oxygen, but much less dangerous electrolyte solutions, 
which make handling and storage much simpler and 
cheaper. As shown in Fig. 1, only two tanks and two pumps 
are required for these functions.  

Moreover, RFBs work by changing the metal ion valence 
and the ion themselves are not consumed. This feature 
allows for long cycle service with low maintenance. Cell 
temperature is controlled easily by regulating the electrolyte 
flow. The RFB control is easy: in fact the cell voltage allows 
the monitoring of the SOC (State Of Charge) and at the 
same time very deep discharge can be performed because no 
damage occurs to the morphology of the cell. The separation 
of the two electrolytes in two different circuits prevents self-
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Figure 3.8: Simplified diagram of vanadium redox flow battery architecture from [139].

There are drawbacks to having a chemistry that allows this de-coupling. Most obviously,

flow batteries require much more in the way of external support infrastructure than more
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traditional batteries. Specifically, the storage tanks, pumps, and plumbing necessary to cir-

culate the anolyte and catholyte through their respective half-cells adds complexity to the

battery design and introduces additional failure mechanisms. Depending on the intended

use of the battery it may or may not be necessary to keep the electrolytes circulating con-

tinuously; those applications that require high ramp rates will require continuous pumping

while those more focused on energy arbitrage may not (see [140], [141]). These factors also

contribute to a larger foot print for a battery and an overall lower energy density when

compared to other chemistries [67].

As of this writing, flow batteries have matured out of the lab environment but have

not gained wide spread adoption. There have been a number of demonstration and trial

installations as discussed in [66], [10], [142], [5], [4], [71].

3.6.2 Existing Models

Though there are several other chemistries besides that of pure vanadium (such as poly-

sulfide bromide, going by the brand name Regensys® [4] and zinc bromide [143]), the

modeling principles for all flow batteries are similar and this work will focus on the pure

vanadium redox flow battery.

There are several very detailed physio-chemical models such as in [137], [144], and [138].

[75] claims to have a more simplified version of these models and includes model parameters

with the model. From an electrical engineering stand-point, there is one commonly used

electrical circuit model developed by [145] as well a a more complex version found in [146];

[147] looks in more depth at the modeling of series resistance in these models. Additionally,

there are several works that develop economics models and estimates of the viability such as

in [148] and [97].
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3.7 Electric Double-Layer Capacitors (EDLCs)

3.7.1 Characteristics

EDLCs (also going under the name, electrochemical capacitor, supercapacitor and ultra-

capacitor) are specially designed capacitors with extremely large capacitance values; individ-

ual EDLCs have values in the hundreds or thousands of Farads [67]; capacitors traditionally

used in electronic circuits have values in the µF - mF range. To see how these dramatically

higher capacitance values are achieved, a more detailed look at the design and operation of

traditional capacitors is required.

All capacitors store charge/energy by allowing oppositely polarized charges to accumulate

in relatively close proximity to each other. The classic capacitor design is achieved by placing

two conductive parallel plates very close to each other with an insulator (called the dielectric)

between them; see Figure 3.9. The equation governing the capacitance (that is, the amount

of charge that can be stored) is

C =
εA

d
(3.2)

where

C is the capacitance value

ε is the dielectric constant

d is the distance between the two plates

This is a classic electrostatic capacitor design where increasing the size of the plates,

changing the dielectric material, and decreasing the distance between the plates all increase

the electrical charge (and thus energy) storage capability (capacitance) of the capacitor.

Given the extremely small values for the dielectric constant for materials commonly used,

most electrostatic capacitors have relatively small capacitance values from pico- to nano-

Farads.
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A

d

ε

Figure 3.9: Classic generic parallel plate capacitor architecture.

These traditional types of capacitors do tend to have one distinct advantage: a very high

voltage rating. The voltage rating for capacitors is governed by the dielectric; if too high a

voltage is applied to the capacitor and thus across the dielectric, the insulating properties

of the dielectric can fail and allow current to flow directly between the two plates. If this

happens, the energy storage ability of the capacitor is gone and the device is considered

damaged. For electrostatic capacitors, it is possible to choose dielectrics with break-down

voltages in the hundreds or thousands of volts, as the situation requires.

The same governing principles that apply to electrostatic capacitors apply to EDLCs but

clever engineering has been used to dramatically increase the total capacitance. To increase

the surface area for the charge to collect on, activated carbon is used which has a surface area

of 10,000,000 cubic centimeters per gram [149]. A representative diagram of the structure

can be seen in Figure 3.10.

In addition to an extremely large surface area as compared to electrostatic capacitors,

EDLCs are able shrink the distance between the two “plates” to atomic scales. In the 1800s,

Helmhotz discovered that at very low voltages (~1V) a boundary insulating layer was formed

between an electrode and the electrolyte in which it was submerged. This is to say, if two

electrodes were submerged in an electrolyte and a low voltage was applied, the oppositely

charged ions in the electrolyte would be attracted to their respective electrodes but would
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cal dynamics in oscillographic polarograms, fruits, vegetables,
and fuel cell [28–30], and battery state of charge estimation
[31].

A typical example of a fractional order system is the
voltage-current relation of a semi-infinite transmission line,
this being a diffusion phenomenon, which is defined by
fractional calculus by different authors, like Olivier Heaveside
in 1893 and others [32–34]. Order derivative of the conven-
tional model of RC transmission line is high and involves
many parameters. The fractional derivative approach is solely
defined in terms of a unique parameter, the fractional order of
the derivation. It is able to conclude that fractional calculus is
appropriate for systems, which usually are expressed by means
of distributed parameters.

It seems important to talk about fractal interpretation of
several systems, which are modeled by means of fractional
calculus [35, 36]. Especially the characterization of the rough
surfaces and interfaces, which has played an important role in
understanding the anomalous behavior of these systems. For
example a pore fractal, a dense object in which there exist a
distribution of holes or pores with a fractal structure. Since
it is one of the most interesting issues to estimate accurately
real active area in an electrochemical system.

III. DIFFERENCES BETWEEN CAPACITORS AND
EDLC

In this section a brief description of the EDLC structure and
a comparison with conventional capacitors is presented.

A. Internal construction

An EDLC has two non reactive porous electrodes immersed
in a electrolyte, with a separator between the electrodes that
permits the movement of the ions through it.

The energy is stored by charge separation in an electrochem-
ical double layer, formed at the electrode/electrolyte interface,
fig. 1. The thickness of the double layer depends on the
concentration of the electrolyte and on the size of the ions and
is in the order of 0.5 to 1 nm for concentrated electrolytes. On
the other hand, electrodes are fabricated from high surface area
porous material, having pores of diameter of the nanometer
range obtaining a specific surface area of about 500-2000
m2/g and specific capacitances using carbon electrodes of
75-175 F/g for aqueous electrolytes and 40-100 F/g using
organic electrolytes [1, 2].

Separator

Colector

Colector

!V

!

+

Electrolite

Electrode

Electrode

Fig. 1. Internal structure of EDLC

The ions displaced for charging the EDLC are transferred
between the porous electrodes by diffusion through the elec-
trolyte.

B. Electrical characteristics

Differences between conventional capacitors and EDLC are
not only in their internal structure but also in their electrical
characteristics. Figure 2 shows the conventional Nyquist plot
of the capacitor impedance like a resistor in series with an
ideal capacitor.

Z (jw) = R +
1

j!C
(1)

Westerlund and Ekstam [37] proposed that the real capacitor
has a fractional behavior given by,

Z (jw) = R +
1

(j!)
!

C
0 < " < 1 (2)

where " is close to 1.
In EDLC the diffusion phenomenon in the electrolyte and

the size of the electrodes pores are very important. So, when
the frequency is risen, the number of active porous layer
accessible are reduced, diminishing therefore the resistance
and the capacitance [3]. This phenomenon give a fractional
behavior to EDLC in a frequency band called Warburg region.

Figure 2 shows that the behavior of EDLC at low frequen-
cies is similar to the capacitors. But in the Warburg region, the
equation that relates impedance and frequency is better using
the operator

!
jw than using the traditional operator jw [38].
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Fig. 2. Nyquist diagram of a capacitor (ideal and Westerlund-Ekstam) and
EDLC.

IV. MODELING OF EDLC

The experimental data obtained to measuring the EDLC’s
must be identified with a model. Then, the mathematical model
will be compared with the experimental data to obtain a
minimum error and with the minimum possible number of
parameters. In this section are presented three different ways
of modeling EDLC’s in frequency domain.

A. Classical structural modeling

A structural model assumes that the mathematical
impedance model can be represented directly in the frequency
domain as a construction, consisting of elements. They are
connected under different laws in accordance with the real
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Figure 3.10: Diagram of activated carbon showing the increased surface area of the capacitor
“plate” from [150].

never actually make contact with them (see Figures 3.11 and 3.12). This end result is

an “insulating” region around the electrode roughly 10−9m thick with opposite charges on

either side of it; this is the d of the capacitor. This phenomena takes place at both electrodes

and thus, the “double-layer” in EDLC [151]. ( [152] contains an excellent summary of this

information and extends it to another class of capacitor which will not be discussed, the

electrolytic.)

By using activated carbon to generate a huge surface area and using the principle discov-

ered by Helmhotz to keep charge very close but separate, it is possible to build EDLCs with

very large energy storage capacities, capacitances on the order of 40-175 F/g, depending on

the electrolyte. [150]. The obvious limitation for EDLCs is the very low operating voltage,

typically in the range of one to three volts depending on the electrolyte used [153]. To over-

come this limitation and allow for even greater energy storage capacity, individual EDLCs

can be combined into modules [154].

EDLCs as a technology in and of themselves have been in use for decades but their

application to the bulk power system is a relatively recent innovation. EDLC modules where

large numbers of individual capacitors are connected in series and parallel to provide sufficient

voltage and energy ratings are being assembled by the EDLC manufactures. According

to [155], these modules are commercially available.
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is an equal but opposite charge in the rod that is attracted to its 
surface. Electron transfer across the interface is limited, provid-
ed that the applied voltage is below the breakdown potential of 
the electrolyte with that particular solid surface. For an aqueous 
electrolyte device, this can be up to about 1.2 V, whereas with 
some nonaqueous electrolytes, it might be as high as 3.0 V. The 
breakdown potential of the electrolyte constitutes an inherent 
limitation to the operating voltage of ECs. Reaching higher op-
erating voltages requires the use of series-connected cells in the 
exact same way that battery cells are series connected to obtain 
higher voltage. Thus if 2.5 V is the working voltage of a cell, 
10 such cells can be connected in series to create a 25-V-rated 
capacitor. Such higher-voltage capacitors are generally created 
by series connecting individual cells externally, i.e., cells are as-
sembled into a module.

When the right-hand switch in Figure 3 is opened, charge 
persists on each electrode. In fact, two capacitors in series have 
been created. Details of the charge storage with an aqueous elec-
trolyte are shown in the electric double-layer model of Figure 4. 
The thickness of the dielectric at the interface is very small.

As illustrated in Figure 4, the ions in the aqueous electro-
lyte are attracted to the surface of the solid but are prevented 
from reaching it by a solvent “cloud” around the ion that inhibits 
electron transfer. The solvent layer consists of water molecules 
against the electrode surface, and the distance of closest ap-
proach by an ion would be on the order of ~1 nm. Charge accu-
mulates on the solid surface, attracted by an equal but opposite 
charge in the electrode. The two slightly separated charge layers 
constitute the so-called electric double layer, one layer being in 

the electrolyte and the other being just below the surface of the 
solid. The charge layer separation is on the order of 1 nm, and 
the area for a planer surface would be 1 cm2/cm2 for a gain of 1, 
using familiar terms from electrolytic capacitor technology. In 
the aqueous system illustrated, the dielectric constant between 
the charge layers is about 6, which is much lower than the bulk 
value of water (~80) as a result of constraints on molecular ori-
entation of the closely packed water molecules. The final result 
is electrostatic charge storage in the electric double layer with a 
plate separation of ~1 nm and a dielectric constant of ~6.

In practical ECs, the planar metallic electrode of Figure 4 
is replaced by a high-surface-area electrode, with activated car-
bon being the most common choice. The surface area of an ac-
tivated carbon electrode depends on how the carbon has been 
activated but can be greater than 1,500 m2/g. Electrochemical 
capacitor activated carbon is a very highly engineered material 
in which the pore-size distribution is selected based on the ion 
size in the electrolyte so that double-layer charge storage exists 
over as much of the carbon surface as possible. As a result, the 
objective in electrode design is not to maximize surface area but 
to engineer it for a specific double-layer system (ion size). A de-
vice constructed from an optimized electrode material can have 
a much larger surface area than is possible with a planar surface. 
With a “plate separation” of 1 nm and a surface area greater than 
103 m2/g, capacitances of up to hundreds of farads per gram of 
activated carbon material become possible.

Electrochemical capacitor technology requires two elec-
trodes, as shown in Figure 3. In the simplest case, these are 
identical, activated carbon electrodes of the same mass, and thus 

Figure 3. Electrochemical capacitor formed by placing two electron conductors in an electrolyte and applying a voltage (left). 
Charge separation occurs at the solid-liquid interface of both electrodes and persists after the voltage source is removed (right), 
creating two capacitors in series.

Figure 3.11: Diagram of generic EDLC showing the interaction of the charge between the
electrodes and the ions in the electrolyte. Note at low voltage the ions never make direct
contact with the electrode. [152]

3.7.2 Existing Models

As the capacitor is already a commonly used device in electrical engineering, the clas-

sically derived mathematical model in 3.2 serves well as a basic model for ultra capaci-

tors. [156], [157] all propose more involved electrical circuit models. [158] goes one better and

compares multiple circuit models for EDLCs and experimentally finds parameter values for

these models using a particular EDLC. Similarly, [159] compares two models, experimentally

assessing how well they represent EDLCs in slow discharge and pulse load scenarios. [160]

develops a detailed and complex model based on the underlying physics at work.

A significant specification for any capacitors is the effective series resistance (ESR) and

[161] and [153] outline methods of measuring this in EDLCs. [162] investigates the lifetime

and degradation of EDLCs as a foundation for modeling these effects. [149] quantifies the

self-discharge effects of EDLCs.
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the device capacitance (3) will be approximately one-half the 
capacitance of each electrode. Practical devices do not leave 
space between the electrodes as depicted in Figure 3; instead, 
activated carbon particles with a binder are pasted directly onto 
the surface of a lightly etched aluminum foil. The thickness of 
the activated carbon coating the aluminum is in the range of 
100 µm. Using terms usually applied to aluminum electrolytic 
capacitors, the high-surface-area activated carbon coating can 
produce an effective double-layer capacitance of ~0.5 F/cm2, as 
compared with an equivalent planar surface that would produce 
~10 µF/cm2. Thus the gain in the case of a double-layer capacitor 
is about 50,000, which is much greater than the ~200 maximum 
gain for an etched aluminum low-voltage electrolytic capacitor. 
Thicker carbon electrodes, for instance 1-mm thick, produce 
even greater gains and are used in some devices.

The increased gain and very thin dielectric thickness account 
for the enormously greater capacitance values of ECs relative to 
conventional types. The use of two identical capacitor elements 
in series prevents the ECs from operating at voltages greater 
than the breakdown potential of the electrolyte-electrode inter-
face. Electrolytic capacitors, on the other hand, have two capaci-
tor elements in series usually with vastly different capacitance 
values, which causes essentially the entire voltage drop in the 
device to be across the electrode covered by the thicker oxide di-
electric. In practice, the voltage on the negative capacitor is less 

than 1 V by design. This accounts for the differences in operat-
ing voltage of an EC compared with an electrolytic capacitor. 
Nonpolar aluminum electrolyte capacitors do use the same foil 
in each electrode, but these foils nevertheless have vastly dif-
ferent capacitance values during ac operation because the oxide 
dielectric exhibits diode behavior and conducts when at reverse 
bias values.

Finally, the difference in the dielectric material structure ac-
counts for differences in operating temperature. The typical EC 
has a liquid dielectric that experiences ever-increasing instabil-
ity with applied voltage at increasing temperature, which is why 
ECs have ratings of ~70°C or less. In contrast, the dielectrics 
of electrostatic and aluminum electrolytic capacitors are typi-
cally solid materials that are stable to much higher temperatures, 
which permits them to operate reliably to temperatures of 125°C 
or higher.

Points of Comparison
One way to characterize a capacitor is by its natural response 

time, which for a series-RC circuit, is the product of R times 
C. For electrostatic capacitors, the RC product is generally <1 
µs, and for electrolytic capacitors, the RC product is generally 
<1 ms. An ideal capacitor discharges ~60% of its energy dur-
ing one RC time constant. Electrochemical capacitors, on the 
other hand, are not well represented by a single RC time con-
stant. They have a natural response characterized by multiple 
time constants due to their high-surface-area electrodes. There 
is a distribution of ionic resistance values due to the porous 
network and thus a distribution of RC products. Nevertheless, 
a single number can be used to approximate the response time 
of a typical EC, and it is generally on the order of 1 s for many 
commercial products. Thus, at least 1 s is required to charge or 
discharge an EC, in comparison with an electrostatic capacitor, 
which requires only ~1 µs, and an electrolytic capacitor, which 
requires only ~1 ms. This explains why ECs will not filter ac 
line ripple or higher frequencies, one of the major differences 
between conventional and electrochemical capacitor technolo-
gies. Electrolytic capacitors are commonly used to reduce the 
ripple voltage on a dc bus after ac power is rectified, which is the 
reason that a ripple current specification at 120 Hz is common 
for electrolytic capacitors. Traditional component engineers, for 
whom the similarities between conventional and electrochemi-
cal capacitor technologies may not be clear, can be frustrated by 
the inability of ECs to filter.

Although ECs will not perform the most common functions 
of an electrolytic capacitor, they are suited to applications for 
which an electrolytic capacitor is not. Consider two capacitors, 
one electrolytic and the other electrochemical, as shown in Fig-
ure 5. These devices are about the same physical size but with 
vastly different ratings, 350 F versus 0.047 F and 2.7 V versus 
25 V. Figure 6 shows impedance plots of these two capacitors in 
the complex plane, and Figure 7 shows a Bode plot of the same 
data. Note that the EC has about one-half of the equivalent series 
resistance of the electrolytic capacitor, about 3 m  versus about 
7 m  for the electrolytic capacitor. An examination of Figure 7 
suggests that the EC has characteristics common to any capaci-
tor, i.e., a self-resonance frequency above which it is inductive, 

Figure 4. Model of a charged electric double layer at a metallic 
interface for an aqueous electrolyte. The thickness of this region 
is typically less than 1 nm, which creates a very small “plate” 
separation.

Figure 3.12: Diagram showing a close-up view of EDLC electrode in electrolyte. The cations
(positively charged ions) from the electrolyte are attracted to the negative electrode but
the polarized the water molecules adjacent to the electrode form a barrier that prevents the
cations from making contact. [152].

3.8 Superconducting Magnetic Energy Storage (SMES)

3.8.1 Characteristics

The use of superconductors for energy storage seems a perfect application of a modern

technology. Superconducting materials exhibit no resistance and can thus electrical current

flowing through them loses no energy. When coiled these superconductors can store energy

from circulating circuits in the magnetic fields that form with no energy conversion involved

(like EDLCs); very large charge and discharge currents can be realized due to the direct

nature of the energy storage. For example, the coils designed in [163] have a maximum

current of 9600 A. These coils interface with the electrical grid through a power converter
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which can be used to control the charge and discharge rate of the SMES coil [164]. The

amount of energy stored in the coil is determined as in a standard inductor [165]:

E =
1

2
LI2 (3.3)

where

E is the amount of energy stored

L is the inductance of the coil

I is the current flowing through the coil

The magic of the lossless conductor comes with several significant caveats. The materials

used to construct superconductors only become resistance-less when cooled to extremely low

temperatures (below 10 degrees K) [4]. This cooling must be maintained the entire time the

SMES is storing energy. Furthermore, while the energy storing coil maybe superconducting,

the power converter to which it is attached and through which the current is constantly

flowing is not. The losses in the non-superconducting portions of the system and the energy

required for refrigeration both present parasitic losses that cannot be avoided [166].

Because of the high currents involved and the magnetic fields that develop, there is a

significant issue related to stray magnetic fields from the coil. For solenoid (cylindrically

designed) coils, the stray fields can be quite significant requiring the coil to be placed some

distance from other equipment. For example, a solenoid design with an energy storage

capacity of 20 MJ (5.6kWh) requires an “area with limited access of about 18 m in diameter.”

[167]. Using a torus-design eliminates much of the stray magnetic field but these designs are

significantly more expensive [168]. All of these coils require mechanical support as it has

been shown through the Virial Theorem that the mass of the coil and supporting structure

is related to the energy stored [168]:

M ≥ Eρ

σ
(3.4)
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where

M is the structural mass

E is the amount of energy stored

ρ is the material density

σ is the allowable stress

In smaller coils it is possible for the magnet to largely support itself but as the energy

storage requirement increases, so does the need for sufficient supporting structure [169] . To

avoid the additional expense of adding this material, larger coil designs call for the coil to

be buried underground and the earth used as the supporting structure [166]. Examples of

smaller and larger SMES architectures can be seen in Figure 3.13.

SMES energy storage has not made significant inroads as an option for bulk energy

storage. In the 1970s and ’80s there was much optimism for this technology and it seemed

the preeminent leader for energy storage [168]. The costs, space requirements, energy density,

and competition from similar technologies (such as EDLC) have limited diminished these

dreams [170]. There have been several demonstration installations and superconducting coils

as a general technology are used on a daily basis for other applications but there is no known

bulk energy storage installations. [4].

3.8.2 Existing Models

The modeling of SMES for bulk energy storage applications is not very extensive. Typ-

ically the SMES coil is modeled as an inductor which is attached to a power converter

that interacts with the electrical grid [164]. In the research done there were no identified

wear-out mechanisms and as no energy conversion takes place, the energy storage system

proper is highly efficient and very simple. There are significant reliability aspects for the

system, though, such as the refrigeration and power converter but such concerns are not

being addressed in this study.
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Fig. 5. Cryogenic system layout.

The difference is justified by the smaller twists and the thicker
Cu Ni barrier obtained after manufacturing process set-up; they
both concur, as expected from theory, to reduce losses.

V. CRYOGENIC SYSTEM

The cryogenic system is committed to limit the heat which
goes toward the helium bath where the superconducting magnet
is submerged, and to recondense possibly all the helium which,
despite the very little heat generated by the magnet and entered
through the cryostat, evaporates.

The resulted cryogenic system design solution is summarized
in Fig. 5; we tried to achieve minimization of heat losses and
high reliability.

The magnet is completely submerged in a helium bath, con-
tained by a tank placed in a cryostat which is a thermally insu-
lated vessel under vacuum. The tank is connected to the cryostat
through a steel tube containing the current leads. Two thermal
shields are inserted between the cryostat and the tank, they work
at 35 and 10 K in order to stop the incoming radiation, which
otherwise would affect the liquid, at intermediate temperature
levels: they both have some layers of superinsulating material
to further minimize heat transmission, as well as the tank.

Another smaller tube, containing some safety devices, such as
the burst disk and a safety valve, connects the tank to outside.
This tube serves also as inlet duct for transferring helium from
dewar to cryostat during cool down.

The whole system is maintained at the defined temperature
by two double-stage cryocoolers and by a third one close to the
HTS current leads, where most ohmic losses occur.

The higher temperature (35 K) operated stage in the first cry-
ocooler is connected to the first thermal shield and to the central
tube in order to partly remove the heat due to conduction along
the tube walls themselves.

The lower temperature stage is also in contact with the central
tube, but connected to the second shield, the one working at 10
K.

The second cryocooler, usually called recondenser, is inside
another tube.

Its first stage connects the tube to the 35 K shield, the second
one is at the 4.2 K liquid (recondensed) helium temperature. The
capacity of the recondenser is 1.5 W.

All thermal shields present insulating epoxy glass strips par-
allel to the vessel axis, serving as electric barrier to currents in-
duced during discharge, reducing them additional heating to af-
fect the system.

The main safety devices in the system are: 1) safe valve, with
intervention threshold set up at 1.5 bar (absolute); and 2) burst
disk disrupting at 15.5 bar (absolute).

VI. QUENCH PROTECTION SYSTEM

The magnet is actively protected by means of a quench pro-
tection system that detects the resistive voltage of the normal
zone and discharges the energy to an external dump resistor. A
detailed dynamic analysis of the process has allowed defining
the main parameters of the system [5], [6].

The magnet is subdivided in three sections. A double crossed
bridge allows detecting the resistive unbalance between the dif-
ferent parts of the coil in case of a symmetric quench.

The system must be balanced both in a steady state and tran-
sient mode. Currents are induced during transient flow in the
copper thermal shields due to the inductive coupling with the
magnet. The result is the presence of inductive voltage in the
magnet cross-section.

In this phase, the circuit configuration allows keeping the
bridge balanced, thanks to a correct setting on the gain of op-
erational amplifiers. This is possible because of the inductive
voltages on the different magnet sections which, in spite of their
different amounts due to the different geometric position, have
the same time dependence.

The dynamic balance simulation is not reliable enough due
to the complex inductive coupling modeling. For this reason,
intensive experimental work was carried out.

VII. CURRENT LEADS

The hybrid metallic-superconducting 1100 A current leads,
operating between room temperature and liquid helium, consist
of a resistive section and a high temperature superconductor sec-
tion (HTS) connected to a cryocooler for removing heat load.

Current leads design took into account recent technological
development of both HTS materials and actual closed-cycle re-
frigeration systems (cryocoolers).

The most difficult technological problem to solve was the de-
sign and the realization of a good thermal connection between
the cryocooler and the current leads. This component must also
ensure the electric insulation because a current lead, during the
discharge of the magnet, receives the same voltage of the coil
(2000 V).

Different possible structural configurations have been tested,
changing both material and geometry. The performed tests,
which regarded the electric insulation and the thermal con-
ductivity, were carried out in a special cryostat. They allowed

(a) Source: [171]
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Figure 12-1 
A Trailer Mounted D-SMES Unit With 3MW and Up to 16 MVA Capacities  
(Picture Supplied by American Superconductor) 

 

 
Figure 12-2 
Artist Concept of a Large-Scale Diurnal SMES System Constructed Underground 

Description 

System Components 

The power and stored energy in a SMES system are determined by application and site-
specific requirements.  Once these values are set, a system can be designed with adequate 
margin to provide the required energy on demand.  As illustrated by the SMES systems 

(b) Source: [4]

Figure 3.13: Comparison of a small-scale (2.6MJ, 0.72kWh) and underground large-scale
(10.8TJ, 3000MWh) SMES designs. The smaller coil has a diameter of ~0.8m while diameter
of the larger one is 1000m.

More comprehensive modeling requires venturing into the design of SMES coils and is

beyond the scope of this work as it delves heavily into electromagnetic theory.
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CHAPTER 4

ENERGY MARKETS AND THEIR SIMULATION

4.1 Market Fundamentals

Markets are the locations (historically physical but increasingly virtual) where goods are

exchanged; they are the places where those who wish to sell meet those who wish to buy.

With the deregulation of the electricity industry in the 1980s [172], markets have been and

are being developed throughout the US where electrical energy is bought and sold in the

same way many other physical and financial goods have been traded for some time. There

are many facets, details, and aspects to these markets that are far beyond the scope of this

work; instead, the focus will be on the fundamentals of how markets are modeled. The

summary provided here relies heavily on the material present in [172] and [173].

In energy market transaction there are two essential parties: the producer and consumer.

For the purposes of our simplified discussion of electricity markets, the suppliers are the

electrical energy generators (or simply “generators”) and the consumers are the electrical

loads that use the energy, often simply called “loads”. Historically, the generators in the

system are large, fossil-fuel fired plants, where coal, petroleum, and natural gas are burned

on a massive scale to turn water into steam which is turn drives a turbine attached to a

generator. (Nuclear power plants work on a similar principle but use a controlled nuclear

cascade reaction to produce the heat that turns the water into steam.) This electrical energy

is transported over wires to those that use it for all manner of purposes, from industrial ma-

chines and processes to residential lighting. Typically, these individual loads do not interact

with the generators directly. Rather, some sort of aggregator (typically a utility company)

buys the energy from the generators at wholesale rates and distributes it to customers at

retails prices. The market interactions being considered in this work are most easily under-

stood as interactions in the wholesale market where the generators are producers and the

utilities (as a proxy for all their customers) are consumers.
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Classical market economics provides us with two simple models that provide some insight

into how markets work. More specifically, they allow key questions for both producers and

consumers to be answered. For the producer, the question is, “How much energy should I

produce to maximize my profit?”. For the producer, the question is inverted: “How do I get

the energy I need and want for the least amount of money?”. These competing interests are

fundamentally expressed in curves on a price-quantity plane.

The consumer curve is shown in Figure 4.1a and is often called the “demand curve”.

This curve shows that relatively small amounts of a good (electrical energy, in this case)

will be purchased when the price per unit of energy (typically megawatt-hours (MWh) at

the wholesale level) is relatively high, and as the price per MWh begins to drop, more of

that good will be purchased. Thus this curve is a marginal price curve, showing how much

consumers are willing to pay for the next MWh to be produced, defining their demand.

Energy Quantity (MWh)
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h)

Demand Curve

(a) Consumer marginal cost curve (demand curve)

Energy Quantity (MWh)

Pr
ice

 ($
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W
h)

Supply Curve

(b) Producer marginal cost curve (supply curve)

Figure 4.1: Classical economics supply and demand curve.

The curve shows when the supply of energy is constrained, consumers are willing to

pay very high prices as there are fundamental needs that only electrical energy can meet

(refrigeration, for example). If electrical energy was rationed, consumers may be willing to
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pay whatever it takes to keep food from spoiling. At the other end of the curve, it is clear

that once a majority of the consumers electrical energy needs have been met (relatively large

quantities), consumers are not willing to pay much for additional energy. Only if the energy

is very inexpensive would a consumer be willing to use more to say, cool down the house

just a little bit more and reach an ideal temperature. As the quantity of energy available

increases, consumers value the next MWh of energy less and less. Only if energy is cheap

will “luxury” consumption take place.

The curve for producers, shown in Figure 4.1b in the inverse; this curve is often called

the “supply curve”. Producers of electrical energy face an uphill battle; their marginal cost

curve increases as the quantity required to be produced increases. That is, to add one extra

MWh of energy production will cost more than the last MWh of energy did. The marginal

cost of energy production is always increasing with each MWh of energy always just a little

bit more expensive to produce.

Generators also typically have fairly strict lower and upper limits on their production

curves. At very low quantities, a producer will not generate until the cost of starting up the

power plant and operating at the minimum output level has been offset by a sufficiently high

energy price. Generators also have a maximum output level, beyond which even very high

prices cannot yield an increase in energy production; effectively the marginal cost becomes

infinite.

These two curves are expressions of the producers’ and consumers’ willingness and/or

ability to pay for given quantities of a good. It is the interaction of these two curves that

allow a market to function and determine the amount of energy and the price for that

energy that both consumers will be happy to pay for and producers will be able to profitably

produce. This point is called the market equilibrium or market clearing price and is found

at the intersection of the producer and consumer curve, shown in Figure 4.2
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Figure 4.2: The market clearing price and quantity is found at the intersection of the the
consumer and producer marginal cost curves.

4.2 Energy Market Simulation

To effectively simulate an energy market and find this equilibrium price, the producer

(generator) and consumer (load) marginal cost curves must be constructed. The most com-

mon modern means of doing so is through an auction mechanism. In an auction, each market

participant (the generators and the utilities that are aggregating the load of their customers)

submit their marginal cost curves to a central, unbiased authority, called the system oper-

ator. The system operator takes all the generator curves and combines them to form one

master production curve representing the aggregate production curve for the system. Figure

4.3 demonstrates this using three different generators who submit their production bids in

discrete blocks. The system operator assembles these blocks from lowest to highest cost to

form the combined production curve.

In a similar manner, the bids for consumption are aggregated, this time from highest

price to lowest and a combined consumption curve is formed. In energy markets today,

this bid curve is typically not based on actual consumer bids; public utility commissions
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typically mandate more defined tariff structures that limit the consumers’ exposure to price

fluctuations. Instead, the system operators forecast the expected load for the next period

and add a certain amount of flexible generation to make up for any differences between the

forecast load and actual load. With this technique, the consumer demand curve is a vertical

line, indicating that there is no price elasticity and consumers have a fixed demand.
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Figure 4.3: The system operator assembles a combined producer curve by ranking the pro-
duction of energy from lowest to highest cost. Note that the production block size is not
constant.

With these two curves the system operator finds the intersection which is the market

clearing price. All bids for production up to this point and all bids for consumption down to

this point (left of the intersection) are accepted and those generators will provide energy to

those loads. In this manner, generators that are willing to provide energy for the lowest cost

are more likely to have their bids accepted and consumers that are most willing to pay the

most for energy will be more likely to be served. The intersection of these two curves is the

point where the next unit of energy is just too expensive for the generators to produce and/or

the consumers are not quite willing to pay enough for it. The generator and consumer at

this point are considered the marginal units and they effectively set the price for the system.
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This auction mechanism shown here works well but ignores a crucial complication in

energy markets: the generators and loads are not typically geographically co-located. That

is, the energy needs to be transported from the generators to the loads and the capacity to

do so is not infinite. The network used to deliver electrical energy is conventionally split into

two halves: the higher-voltage, longer-distance transmission network and the lower-voltage,

neighborhood-scale distribution network. For the purposes of the wholesale energy market,

the primary concern is the long-haul transmission network which connects the generation to

the large, urban load centers.

Because any given path in the transmission network has a finite capacity, the system

operator must also consider both the generators’ production curve as well as its location

on the network. A very low-cost generator that is connected to the network through a low-

capacity transmission line may have its bids accepted as often as one that is better connected

but at a higher cost. To ensure that the system can deliver its power and is operated in

a safe manner, the system operator uses a technique called “optimal power flow” (OPF)

to determine how much energy a given generator should produce (called the “generator

dispatch” or simply “dispatch”).

The OPF takes into account the production curves of the generators, consumption curves

of the loads, the capacity of the different connections in the network, and any other con-

straints that the system operator deems appropriate. The OPF then solves this optimization

problem, finding the least-cost method of supplying energy while keeping the energy flows

within the network’s capacity. The added complexity of the transmission network and the

solution provided by the OPF does not necessarily result in the same bids being accepted as

if the constraints of the network were ignored. It does, though, find the least expensive way

to deliver energy to the loads given these constraints and in this way is similar in nature to

a simple auction.

There is one further implication of the transmission network constraints when running

the energy market and that is price. In a simple auction, there is only one marginal generator
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and one marginal consumer and they are found at the intersection of the supply and demand

curves. These two marginal units determine the price for the auction. When considering

the network transmission constraints, though, it is possible that the marginal unit from the

auction is not the cheapest generator to supply the next unit of energy for all loads in the

network. The marginal unit may be in a very constrained portion of the network and it may

not be the cheapest generator to provide energy to a load on the other side of the network.

That load may be able to get any marginal energy needs it has more cheaply from a generator

closer to it in the network.

These network constraints fragment the uniform marginal pricing implied by the auction

into a diversity of prices, all dependent on the loads, generators, and network constraints. As

a part of finding the low-cost dispatch for the system, the OPF also finds the cost of providing

a marginal unit of energy for each load in the network. This price is called the “locational

marginal price” or “LMP”. LMPs are the simple auction clearing price translated through

the constraints of the network. System operators use LMPs as a measure of the constraints

and complexities of the system. A high LMPs relative to the rest of the network are a sign

that the network is in a precarious position where load is not able to be easily served. This

may be due to network constraints around that load, very high demand at that point in the

network, and/or lack of nearby generation options to provide the necessary energy.

High LMPs are also sign for economic opportunity as they indicate the location in the

network where the greatest return can be found for providing the next marginal unit of

energy. This marginal unit may come in the form of a new, lower cost generator being

installed nearby, an expansion in network capacity in and around the high-priced node, or

financial incentives to reduce load. In all cases, it is the high prices at the load in question

the provide the revenue necessary to make any of these changes. Without the higher prices,

there is no financial incentive to make any change and relieve said prices.
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CHAPTER 5

A BASIC FINANCIAL ANALYSIS TECHNIQUE

Before beginning, a disclaimer. Financial analysis is a very complex topic and seeking to

replicate the many textbooks of material here needed to perform comprehensive analysis is a

Herculian task. Instead, this very brief chapter will focus on the most basic and fundamental

approach to performing the financial analysis needed when using energy storage in the power

grid.

To appropriately compare the financial impacts of alternative choices, particularly for

longer-lived assets such as those found in the power system, it is important to consider

the time value of money. This fundamental financial concept states that money that spent

or received today is more valuable than money that is spent or received in the future.

The mathematical technique used to discount the future value of money is well known and

generally expressed as

P =
C

(1 + r
n
)nt

(5.1)

where

P is the present value, the value expressed in today’s dollars

C is the cash flow at a future date, expressed in future dollars

r is the annual interest rate or discount rate

n is the number of compounding periods per year

t is the number of years into the future the cash flow occurs

For example, let’s assume (to simplify the calculation) a utility expects to purchase a

new transformer in twenty years. Based on their experience, they expect the transformer to
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cost $1,000,000 at that point in time and if we assume only annual compounding at 5%, we

can calculate the present value of the that expense as

P =
$1, 000, 000

(1 + 0.05
1

)1·20
= $376, 889

This $376,889, the present value, is how much the future $1,000,000 is worth today given the

expected discount/interest rate. The lower value also shows why the name “discount rate”

is applicable. Because money in the future is worth less, we use mathematical parameter

that determines the rate at which future cash is discounted.

To help appropriately apply this equation it can helpful to construct what are called “cash

flow diagrams” showing the points in time and the amounts of the money for each transaction.

For example, Figure 5.1 shows the financial transactions associated with purchasing a battery,

using it for energy arbitrage for one year, and then selling it. By applying equation 5.1 to each

of the arrows in the diagram, all of the future transactions can be appropriately discounted

and a total net present value of the battery can be found. If that net present value is positive,

the battery generated more revenue than it cost and the company has come out ahead; if it

negative, the company lost money on the deal.

When comparing the net present value of alternative choices, it is important to ensure

that the time horizons for the comparisons are identical. For example, suppose a power

utility knows a transformer needs to be replaced and a decision needs to be made between a

unit that has an effective lifetime of 20 years at cost C20 and one with an effective lifetime

of 30 years at cost C30, where C30 is noticeably larger than C20. Because the longer-lived

transformer costs more and it would be inappropriate to simply compare the direct costs of

the two units in today’s dollars. In twenty years, the longer-lived transformer still has ten

more years of service while the shorter-lived asset will need to be replaced.

To make a more equitable comparison, a time horizon must be picked that captures the

full value of both assets. In this case, that can be achieved by looking at the comparison
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Figure 5.1: Example cash flow diagram showing the individual cash flows used in calculated
the total net present value (NPV) for using an energy storage device for energy arbitrage for
one year.

over a sixty year time horizon. Assuming that it is possible to continually replace each unit

with an identical one as it reaches the end of its service life, the cash flow diagram for the

two alternatives could be seen in Figure 5.2.

Using equation 5.1 it is possible to find the total cost of these alternatives as the net

present value of their respective repeated purchase costs.

Alternatively, rather than worrying about determining a specific time horizon for making

this comparison, it is not unusual to assume an infinite time horizon. In doing so, the sum of

the individual expenditures becomes an infinite series which can be summed to find the net

present value. Practically speaking, there is no situation in which such transactions would

occur indefinitely but as an accounting tool it is useful and in some cases, particularly those

with very long time horizons, the infinite time horizon provides a close approximation and

may be easier to calculate than a large number of discrete events.

Another technique used in ensuring equal time horizons in a financial analysis is to assign

an artificial end to the the analysis time horizon and calculate the remaining depreciated
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Figure 5.2: Example cash flow diagram showing the application of equal time horizons when
comparing two alternative financial options.

value for the assets that have not reached the end of their service lives. In a cash flow

diagram, this would show up as a positive cash flow even though the asset may not have

actually been sold at the depreciated value. Using the above example for a 40-year time

period the cash flow diagram would be as shown in Figure 5.3.

Though this technique allows for arbitrarily defined analysis time horizons it introduces

the complexity of assigning a depreciated value to the asset being fictitiously sold. This value

can be difficult to determine as it should be equal to the present value of the future revenue it

can provide. Often assets that can no longer perform their intended function in any capacity

can be sold for the raw materials they maintain, their salvage or scrap value. Other assets can

be rebuilt or reconditioned, restoring them to as-new condition from a functional standpoint

at only a fraction of their factory-new price. Though each industry has developed accepted

accounting techniques to value the assets in their industry, the simplest depreciation schedule

is a straight-line depreciation. An asset has full value the day it is put into service and is
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Figure 5.3: Example cash flow diagram showing how a virtual positive cash flow is created
by assessing the depreciated value of C30 when the analysis time horizon is prematurely
shortened.

assumed to have no value at the end of its service life. Any intermediary depreciated value

can be found as a directly proportional fraction of the remaining service life.
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CHAPTER 6

EXPERIMENT DEFINITION AND DEVELOPMENT

6.1 Energy Arbitrage Simulation Overview and Experiment Formation

As the research in chapters 2 and 3 have shown, the wide variety of applications for energy

storage and specific technologies produce a large number of potential technology/application

combinations. Several studies, such as [5] and [67] have identified specific technology/application

combinations that seem appropriate. Generally speaking, these studies find that storage

technologies which have high parasitic or leakage losses (flywheels, EDLC, SMES) are more

suited to applications such as frequency regulation, where energy is stored for very short pe-

riods of time (seconds to minutes). These technologies tend to have high power outputs and

fast response times which are highly valued in these application environments. In contrast,

technologies such as flow and sodium-sulfur batteries which have the ability to maintain

their charged state for hours with very little loss are more readily able to engage in applica-

tions such as energy arbitrage and renewable support. The details from these studies greatly

reduce the potential number of technology/application combinations under consideration.

Another significant factor in limiting the possibilities for this study is the availability of

data needed to define the behavior of the other market participants in the simulation. For

example, if the intended application is energy arbitrage then the energy storage device will

be participating in the energy market where it will be buying energy at one price and selling

at another. The price for energy markets are typically determined through an auction with

the buyers and sellers bidding into the market from which a price for energy is determined.

To effectively run a market simulation like this, the bidding behavior for the other market

participants must be available.

Relatedly, if an energy market simulation is to be run, the demand or energy-buyer side

of the transaction must be definable. For energy markets, this means a load value at each

node in the network over each market clearing period (often one hour). Ideally, this load
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data would be defined over the span of many hours (weeks, months, or years) so that the

behavior of the market could be shown in a variety of circumstances. For the frequency

regulation market the same load data would be needed but at a much finer time scale such

as every second. Again, longer periods of this finely detailed load data would provide a more

varied environment in which the market participants might act and bring greater validity to

the results.

There are other aspects of the network and participant behavior that may be needed

depending on the intended application for the energy storage device. If renewable support

of some kind is being explored then the power injected into the network at nodes where

the renewable generation is located needs to be defined as well as how the market structure

handles these uncontrollable generators. If the intended application is upgrade deferral

then long-term patterns of load growth for each node are needed and the maximum power

ratings for the equipment at each node would be important. Every application has its own

data requirements and the availability of this data will determine what applications can be

explored.

Given the above discussion and the availability of network models and data, the study

being conducted here used an available aggregated model for the western US electrical grid

(WECC) studying the feasibility of the combination of an energy arbitrage and upgrade

deferral application for energy storage. The WECC model that is available is a 240 node

network with a full year’s worth of hourly load data for each node in the network [174]. The

model is aggregated, reducing the granularity of information needed to identify candidate

locations for upgrade deferral. Any information that is lacking was judiciously assumed.

The model does contain generator costs data for all participants in the energy market and

market simulations can be run using this data to define their bidding behavior. The software

used to run this model, MATPOWER [175], is a collection of Matlab® functions and scripts

and was easily modifiable and extensible to accommodate the particular needs of this study.
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With the application chosen and using the guidance provided from the literature on

appropriate technology/application pairs, the energy storage technology chosen for this study

is the sodium-sulfur battery. Of the technologies under consideration, the sodium-sulfur

battery has the potential of being a financially viable option (unlike the lead-acid battery)

while operating in a manner that is similar to traditional batteries (unlike flow batteries).

The sodium-sulfur battery has also been the subject of enough study and is mature enough

that reasonable models of its behavior have been formed and are available in the literature.

The model of the sodium-sulfur battery is of central importance and will be developed

to account for several aspects of the operation of the battery:

• The ability to effectively deliver energy which is in turn affected by several factors:

– The effect of state-of-charge of the battery on the internal resistance.

– The effect of the temperature of the battery on the internal resistance.

– The effect of the number of discharge-recharge cycles on the internal resistance.

– The effect of the depth of said discharge-charge cycles on the internal resistance.

– the effect of state-of-charge on the batteries open-circuit voltage.

• The decrease in battery efficiency over the number of discharge-recharge cycles.

• The decrease in battery capacity over the number of discharge-recharge cycles.

Using these effects along with the values found in the literature summarized in Table

3.1, a more comprehensive model can be constructed. The inclusion of these effects allows

the model of the sodium-sulfur battery to behave in a manner that will account for the

degradation in performance over the life of the battery. As the battery ages its effectiveness

decreases and the operating revenue it generates decreases as well; by including these effects a

more realistic assessment of the multi-year payback potential of this particular energy storage

device in this application can be formed. The on-going degradation on energy storage and its
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impact on the financial effectiveness of the device was explored some in [90] and this study

will rely on that work and extend it for the particulars of sodium-sulfur battery storage.

In addition to a more comprehensive energy storage model, this study is unique in the

choice of network and energy storage used and, more essentially, the centrality of the the

market simulation for the study. Rather than estimating the potential costs and revenues of

operating energy storage in a particular way, this work seeks to determine via simulation the

extent that these more abstract projections and estimations have validity. There have been

similar studies done that have placed energy storage in market simulations. [68] conducted a

study with CAES and [38] appears to have done the same with an 8-node test system. The

most similar study, though, was [35] which focused on the integration of both wind generation

and energy storage in the same network. The test network was a modified version of the

IEEE 118 bus test system; the peak system load was 8021 MW. In this system varying

degrees of wind generation and energy storage were added with as much as 27220 MW of

wind or 500 MW (with a total capacity of 5000 MWh) being added. The scheduling of the

energy storage was done with a multi-period optimization scheme “with the objective to

maximize storage utilization for the benefit of the system over the period.” The output from

the wind generation was implemented with a stochastic process.

There were several pertinent findings from this study:

• With a 400 MW energy storage unit (5% of peak load), the energy storage device was

effectively able to replace the output from expensive thermal units in the system. With

these units operating at reduced output, the savings to the system was 11.5% below

the base case (no energy storage).

• Energy storage worked well with wind generation, “particularly in terms of the expected

wholesale purchase payments and the improved reliability indices.”

• Locating the energy storage one or two nodes away from significant load centers seemed

to offer the highest financial rewards but the optimal location is very system dependent.
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This study is significant in that it is the only one discovered in the literature search that

operates the energy storage device as a market participant, as is being conducted for this ex-

periment. There are several important differences, though: the use of a test system instead

of the aggregated model of the real WECC system, the use of a multi-period optimiza-

tion scheduler versus simpler scheduling strategies, and the integration of significant wind

resources as compared to the more limited renewable generation in the WECC model.

6.2 Energy Arbitrage Simulation Experiment Definition

Based on the research outlined in chapters 2 and 3, it is clear that the general application

of energy storage to the electric grid is not yet a financially viable possibility. As has

been shown, many studies have been done that independently examining both the projected

possible revenues from using energy storage in particular applications and the current costs

of implementing the various energy storage technologies (see Tables 2.1, 2.2, 2.3, 2.5, and

3.1). As will be detailed below, this work is a merger of these two approaches: implement

a market simulation of a regional electrical grid in the US where a specifically located and

defined energy storage device will act as a market participant. The goal of this study is

to determine if, given the right conditions both in the market and in the electrical grid

architecture, it is possible for energy storage to operate in a economically viable manner.

Specifically:

• What is the revenue potential for energy storage in an energy arbitrage application?

How does this compare with values estimated in Table 2.1? (The revenue from the sim-

ulation is easily separated from that of the upgrade deferral as the later is determined

independently of the simulation results.)

• What effect does energy conversion efficiency have in this scenario?

• What effect does the daily spread in price of energy at the energy storage location

(LMP) have in this scenario?

• How significant an improvement in the economics is a multi-year use of energy storage?
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• What effect does control strategy of the energy storage have in this scenario?

6.2.1 Energy Arbitrage Simulation Problem Space Dimensions

Given the limitations of the network model being used and the choices/assumptions made

in constructing the battery model, there are a large number of dimensions in problem space

that can be explored.

• Control/bidding algorithm - To be economically viable, the energy storage must

be sure it has enough charge to compensate for extra load during peak periods (up-

grade deferral) and it must have purchased that energy when prices were low (energy

arbitrage). Additionally, the charging rate for the battery is limited and charging will

likely take multiple one-hour market periods. Appropriate control and scheduling of

the energy storage charge-discharge behavior is not obvious and can have a significant

impact on the financial viability of the energy storage.

• Storage Location - Due to limitations in any real electrical network, the amount of

energy that can flow along any given path is finite and these limitations results in dif-

ferent prices at different nodes throughout the network. The viability and profitability

of the energy storage device may be significantly impacted by the location it is installed

in the network. Depending on the piece of equipment whose upgrade is trying to be

deferred, the prices of energy at that node may not be sufficiently high to cover the

cost of the energy storage.

• Length of Installation -As has been raised in [67] and [6], there is a question of

increasing the revenues from the purchase of a single storage device by allowing it to

defer the upgrade for multiple years or defer multiple upgrades, potentially at different

sites. In this scenario, the one-time cost of the purchase of a storage device can be

spread over multiple years of use, increasing its financial utility dramatically.
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• Equipment Upgrade Cost - The cost savings from using energy storage to de-

fer upgrades comes from a reduction in expenses from not having to replace specific

equipment in the network that is at or near its rated value. As the costs of equipment

varies widely, it was necessary to assume a variety of upgrade costs that are being

deferred.

• Storage Power and Capacity - When using energy storage for upgrade deferral, it

is relatively important to size the power and energy ratings of the device appropriately

for the needs of the node in question. In this application, buying more storage than

is needed will not yield any more revenue and will cost more. This is in contrast to

energy arbitrage applications where it may be possible to produce more revenue with

higher-rated devices.

• Power Converter - The sodium-sulfur battery requires a power converter to interface

with the electrical grid and the costs and efficiency of this converter is not able to be

precisely specified in the more generic settings provided by simulation. The cost and

efficiency of this converter impacts the economic viability of the energy storage device.

• Energy Storage Efficiency - Two of the more significant studies, [11] and [7], come

to dissimilar conclusions regarding the value of efficiency of energy storage. Efficiency

will have an impact on the amount of energy needed to be purchased when charging the

energy storage and the amount of energy that can be sold back when discharging. It

would seem that high efficiency in energy arbitrage applications would be essential but

not all studies agree. To help bring clarity to the value of efficiency, multiple efficiency

values will be chosen when running the market simulations.

• Energy Storage Cost - The specific cost of the energy storage devices are only

generally defined as can be seen in Table 3.1. To adequately represent the possible

costs of energy storage, multiple prices may be considered.
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Thoroughly exploring all of these dimensions is beyond the scope of this work and assumed

values will be made for many of them. The more important or less certain items will receive

more comprehensive examination to determine their effects on the economics of the scenario.

Dimensions that require minimal extra effort to explore may also be considered, particularly

those that do not affect the simulations and thus carry a minimal computational burden.

6.2.2 Energy Arbitrage Simulation Procedure

As discussed in section 4.2, the least-cost dispatch of the WECC system is found by using

OPF given a particular network state. To allow the OPF to find this least-cost dispatch, the

cost information for each generator in the system was used as a proxy for the production

cost curve. The inclusions of energy storage in these simulations added some complexity and

this section will provide an outline of the simulation procedure that will be used with more

detail on the steps that will need to be added to accommodate energy storage.

For each one-hour market period over the duration of the simulation (one or more calendar

years) the following takes place:

1. Price Determination

(a) All energy suppliers (including energy storage) will submit production cost curves.

These curves are ordered pairs defining specific quantities of energy to be provided

and the price for that quantity (as in Figure 4.3).

(b) Demand for each node in the network is defined by previously recorded load data

for the network which is influenced by time of day, day of the week, temperature,

etc. For the most part, this demand is treated as completely inelastic: consumers

will use as much energy as they want regardless of price. There is a small (though

becoming more and more common) amount of what is called “dispatchable load”

in the network; this is load that is elastic and does respond to price. This dis-

patchable load, which energy storage is also a part of, will submit their bids for
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the price they are willing to pay for specific levels of energy consumption. These

bids will be combined with the inelastic load data. The amount of demand that

the energy storage device will bid into the system is determined by the scheduling

algorithm.

(c) The market operator (the simulator, in this case) will use the supply and demand

curves as well as the network constraints to find the optimal power flow. The

solution to the optimal power flow problem provides the lowest cost energy to

each node in the network and specifies the operating power level for each generator

(and the amount of consumption for the dispatchable loads). Due to limitations of

any physical power transmission and distribution network as discussed in section

4.2, the price for energy across the network is not uniform leading to unique prices

at each node in the network, the LMPs.

2. Operation - The network operates at the defined level for one market period. As

there is no actual energy flowing from generators to consumers, the simulation time

spent operating for one market period is essentially zero.

3. Financial Accounting - All generators are paid the market clearing price for pro-

viding energy during the previous market period. In these simulations this will be the

LMP of the node at which they are located.

4. Energy Storage Degradation Accounting

(a) Based on the energy transaction from the previous period (including the efficiency

of the energy storage device and power converter), the state-of-charge and the

cycle count of the energy storage device is updated.

(b) Using the state-of charge, charge/discharge action, and cycle count, the internal

resistance value is updated.
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(c) Based on any cycle count changes from the previous market period, the capacity

and efficiency of the energy storage device is updated.

(d) Based on the new efficiency and internal resistance as well as the efficiency of

the power converter, and the network voltage, a new current per power rating is

calculated. As the energy storage device ages, the terminal voltage decreases and

it will take more and more current to produce the same amount of power.

5. Energy Storage Bid Formulation - Based on the new state of the energy storage

device, both in terms of immediate state of charge and on the updated degradation

parameters, and on the parameters particular to the current bidding algorithm (e.g.

time of day, historic price of energy, forecasted load for the next period...), a new

price-supply curve is formed.

6.3 Sodium-Sulfur Battery Model Development

The model of the sodium-sulfur battery used in these simulations was developed to cap-

ture effects due to changes in state of charge (open-circuit voltage, for example) as well as

degradation effects due to the normal use of the battery (see section 6.4.1. The sodium-sulfur

battery technology is mature enough so that it was possible to find the necessary information

to construct a reasonable model capturing these effects.

There are several circuit models used throughout the literature, each attempting to cap-

ture several of the key behaviors of the battery. The internal resistance of the cell is largely

a function of several parameters: temperature, state-of-charge, charging vs discharging op-

eration and cycle count. Figure 6.1 shows the model that was chosen as it allows dynamic

values for these three resistances to reflect the changing state of the battery.

Figure 6.2 shows the effect of state-of-charge and temperature on the internal resistance

of a single cell. As can be seen, the thermal characteristics of the battery have a significant

effect on its behavior and are affected by the charging and discharging process. Reasonable

modeling of the thermodynamic behavior of the battery was beyond the scope of this work
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battery conditions [5]. In addition, the internal open 
circuit voltage drop (EMF drop) in NAS battery is not 
taken into account. 

4.3 Modified Battery Model 

This battery model as illustrated in Figure 8 is relatively 
simple but yet meets most requirements for modeling the 
NAS battery. 

 
Figure 8. Modified battery model 

 
It is a modified battery model based on the basic 

configuration of the simple battery model. It takes into 
account the non-linear battery element characteristic 
during charging and discharging as well as the internal 
resistance which depends on the temperature changes and 
depth of discharge of the battery previously discussed in 
section 3. Therefore, it is selected as the most appropriate 
in modeling the NAS battery using EMTDC/PSCAD 
simulation tool. Based on the NAS battery characteristic, 
the components in the modified battery model are 
described as follows. 

4.3.1 Charge and Discharge Resistances, Rc and Rd   
Rc and Rd internal resistance are a function of the 
temperature and depth of discharge. The purpose of the 
diodes is to make NAS battery possessing different 
internal resistance value during charge and discharge 
operation. 

4.3.2 Charge-Discharge Lifecycle Resistance, Rlc 

Rlc represents deterioration-resistance that is based on the 
number of charge-discharge life cycle resistance. 

4.3.3 Battery Open-Circuit Voltage, E 

E represents the cell’s EMF as a function of depth of 
discharge. Based on the characteristic shown in Figure 5, 
it is expressed as follows: 
 

E = Eo  ; at DOD � 60 % 
E = Eo – k.f ; at DOD > 60 % 
 

where k is a constant obtained by experiment, f is the 
depth of discharge (%) and Eo is EMF at fully charged. 

The modified battery model of Figure 8 represents the 
performance of one NAS cell. A battery energy storage 
system uses battery modules which includes several cells 
connected in series and/or parallel. In this work, a 50 kW 
NAS battery module (Type G50), which consists of 320 
cells connected in series for high capacity storage device 
is selected. The voltage-current behavior of the 50 kW 
battery module can be estimated  and simulated by 
multiplying the internal cell resistance and cell’s EMF by 

320 based on the given internal cell resistance data and 
performance information from battery manufacturer. 

4.4 Simulation Model in PSCAD/EMTDC 

The modeling and simulation of the NAS battery is 
carried out using PSCAD/EMTDC, an industry standard 
simulation tool for studying the transient behavior of 
electrical networks. Using one of the built-in components 
available in PSCAD, the important manufacturer data and 
parameters are tabulated and compiled into a data-
reference look-up table. Consequently, the feature of 
components Rc, Rd, E and Rlc are plotted and derived 
from the data-reference look-up table by using linear 
interpolation or extrapolation depending on the input 
value of depth of discharge and temperature. 

Figure 9(a) shows the PSCAD component used, the 
XYZ component which outputs the value of z (Rd curve) 
based on the input values x (temperature-change) and y 
(Depth of discharge, %) using interpolation by referring 
to the references files based on the experimental data. 

Detail of this XYZ relationship is illustrated in Figure 
9(b) where the values of internal cell resistance for 
different depth of discharge and temperature are plotted. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 (a) XYZ Component provided in PSCAD 
(b) Simulated Rd-curve as a function of temperature 

and DOD%. 
 

5. SIMULATION RESULTS AND VALIDATION 

The simulation is divided into two parts. First, the 
electrical NAS battery model is tested and simulated as 
per cell basis to examine its voltage-current behavior at 
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Figure 6.1: Circuit model used in power system simulation [83]. Rc and Rd represent the
charge and discharge internal resistance and Rlc increases as the battery cycles to capture
some of the degradation of the battery’s performance.

and so a moderate value of 300 ◦C was selected. (The commercially available sodium-sulfur

batteries include internal heaters to keep the cells at the required temperature if the operation

of the battery is not sufficient to do so. With no thermodynamic model of the battery, these

heaters were neglected as was their energy consumption. [21] gives values for the heaters that

imply it is 2% of the nominal battery power.) Piecewise linear curves of the internal resistance

during charge and discharge behavior were then constructed. During the simulation, the

internal resistance of the battery during charging and discharging (Rc and Rd, respectively;

see Figure 6.1) was updated based on the current state-of-charge of the battery. Rlc is used

to represent the degradation resistance and is discussed in section 6.4.2.

The only remaining parameter of the circuit model needing to be defined is the internal

voltage E. Figure 6.3 shows the characteristics of the internal voltage as a function of the

state-of-charge. This curve is easily captured in a piecewise linear function and was used to

update the value of the internal voltage as the simulation ran.

The above model developed for a single sodium-sulfur cell served as a building block to

construct a model for the larger 1MW/7.2MWh battery. All large batteries are built from a

combination of cells placed in series and parallel arrangement. Series combinations provide

higher voltage which is particularly helpful when interfacing with the voltage levels commonly
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NAS battery is usually used in the form of a battery 
module in which cells are collected and housed in a 
thermal enclosure as shown in Figure 2. The battery 
module is equipped with an electrical heater to raise and 
maintain cell temperature as NAS battery operates at an 
optimal temperature of nearly 300° C. Cells inside the 
module are anchored in place by filling and solidifying 
them with sand to prevent fires. Table 2 shows the 
specifications of a NAS battery module. The features and 
advantages of NAS battery are discussed in detail in [1, 2, 
7, 8]. 

 

 
Figure 2. 50kW NAS battery module structure 

Table 2. Specification of NAS battery module 

Power Output 52.1 kW 
Voltage 58 V/116 V 
Current 726 A/363 A 
Capacity 375 kWh 

Efficiency  >83% 
Dimensions W:2.17 m; D:1.69 m;  

H:0.64 m 
Weight 3.5 ton  

Energy Density 160 kWh/m3 
No. of Cells 320 

 
In this work, the model of a single NAS cell is first 

developed and validated. Then, the model is extended to 
represent a NAS battery module since the NAS battery is 
usually used in this form where a number of NAS cells 
are connected together to give higher power and energy 
capacity. 

3. IMPORTANT FACTORS IN NAS BATTERY 

MODELLING 

In order to model the NAS battery accurately, the factors 
discussed in the following sections such as the internal 
resistance, service life, temperature, electromotive force 
and depth of discharge are vital to determine battery 
capacity and voltage-current behavior. 

3.1 Internal Resistance 

The internal resistance of the NAS battery consists of the 
ohmic resistance associated with electrolyte resistance, 
plate resistance and fluid resistance, and the resistance 
associated with the polarization effect. The internal 
resistance varies during charging and discharging 
operation depending upon the depth of discharge and 
temperature as demonstrated in Figure 3. The figure 
consists of two groups of curves, one for the charging 

operation and the other is for the discharging operation at 
five different cell temperatures. The curves show how the 
internal resistance varies with the depth of discharge for 
different cell temperature. It can be observed that the 
internal resistance reduces as temperature increases from 
280° C to 360° C. Also observed at the end of charging 
and discharging operation is the polarization effect that 
tends to increase the internal resistance. These ranges of 
depth of discharge have to be avoided in the operation of 
the NAS battery due to the excessive increase in internal 
resistance. 
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Figure 3. Depth of discharge vs. internal cell resistance at 

different temperature (Experimental) 
 

The internal resistance also varies due to the life cycle 
resistance that depends upon the number of the charge-
discharge cycle already experience by the battery. As 
demonstrated in Figure 4, the internal resistance increases 
as the number of charge-discharge cycle increases. This 
factor is important as it determines the remaining 
available maximum pulse power and voltage output of a 
NAS battery. 
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Figure 4. Cell-deterioration resistance vs. charge-

discharge cycle (Manufacturer Data) 

3.2 Temperature Effect 

NAS battery operates around 300-360° C. Its temperature 
varies differently between charging, standby and 
discharging state of operation. During discharging state, 
NAS battery generates resistance heat and entropic heat 
causing the battery to store heat and raises its 
temperature. While at charging state, the amount of 
resistance heat generation is nearly equal to that of 

Figure 6.2: Internal resistance of a sodium-sulfur battery as a function of state-of-charge and
temperature [83].
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entropic heat absorption. Thus, the battery temperature is 

gradually lowered. Heat stored in the battery only 

dissipated during standby state. As a result, the battery 

temperature drops gradually. When the temperature 

exceeds the lower limit (300° C), the heater installed 

inside the BM will be turned on to raise the temperature 

and maintain it within nominal temperature range. The 

NAS battery resistance varies with the temperature where 

the higher the module temperature, the smaller the 

internal resistance become. 

The effect of temperature on the internal resistance is 

very important as it determines the limit to the battery’s 

peak power output. In some applications, NAS batteries 

are subjected to pulse output of up to 4-5 times the rated 

power output [1, 2, 7]. Pulse power output with larger 

current generates more joule heat by internal resistance. 

For example, a 50 kW NAS battery module with 5 times 

rated power output for 30 seconds will make temperature 

rise by around 3° C [7]. During these pulse power 

operations, the temperature must be kept within normal 

operating condition in order to avoid reaching 

unacceptably high temperature and creating undesirable 

temperature differentials within the battery. 

3.3 Battery Electromotive Force 

The electromotive force (EMF) of NAS battery depends 

mainly on the depth of discharge. Due to the composition 

reaction, the EMF of NAS battery is relatively constant 

but drops linearly after 60-75% depth of discharge as 

shown in Figure 5. 

 

 

Figure 5. NAS cell electromotive force vs. depth of 

discharge 

 

In practice, NAS battery is limited to discharge to less 

than 100% of its theoretical capacity because of the more 

corrosive properties of Na2S3. Before all the materials 

change to Na2S3, the sodium in the cell move to active 

electrode and the room for sodium becomes empty. In 

such a case, there is no path for electron in the negative 

electrode, causing poor performance at discharging. 

Hence, the battery is designed to stop discharging before 

all the sodium goes to active electrode. To provide an 

operational safety margin, the remaining volume of 

sodium per cell has to be considered. For example in a 

total sodium volume of 780 g, the usable sodium is 675 g 

that make the remaining volume of sodium to be 13.5%.  

As a result, NAS cell typically deliver 85-90% of their 

theoretical capacity which means the approximate sodium 

polysulfide composition corresponding to 1.82 V per cell 

is a mixture of Na2S4 and Na2S2 at the end of discharge. 

This factor is important and needs to be considered in the 

simulation in order to observe the voltage level at the end 

of discharge and to predict the possible maximum power 

output of the NAS battery at any depth of discharge. 

3.4 Depth of Discharge 

Depth of discharge (DOD) represents the capacity left in 

the battery. It is important as it is related to the internal 

resistance change, temperature and battery’s EMF level. 

4. NAS BATTERY MODELS 

In this section, several battery models are reviewed and 

described for modeling the NAS battery characteristic. 

Subsequently, one of these is selected to be most suitable 

to model and represent most of the important behavior of 

the NAS battery. 

4.1 Simple Model 

The most commonly used battery model is shown in 

Figure 6, consisting of a constant internal resistance (Ro) 

and open circuit voltage (Eo) where Vo is the terminal 

voltage of the battery [5]. Since NAS battery’s internal 

resistance is sensitive to and varies with temperature and 

depth of discharge, this model is not suitable in modeling 

the battery because it does not take into account the 

varying characteristic of the internal resistance of the 

battery with respect to depth of discharge and temperature 

changes. The simple model can only be applied in 

simplified case studies where the energy from Eo is 

assumed to be unlimited. 

 

Figure 6. Simple battery model 

4.2 Thevenin Battery Model 

The second most commonly used is the Thevenin battery 

model, which includes an ideal no load battery voltage 

(Eo), internal resistance (R), capacitance (Co) and over-

voltage resistance (Ro) as shown in Figure 7 [5,6]. 

 

 

 

Figure 7. Thevenin battery model 

 

In modeling the NAS battery, the disadvantage of this 

model is that the elements are assumed to be constant, 

whereas in actuality all the elements values are related to 
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Figure 6.3: Internal voltage of the sodium-sulfur battery as a function of the state of charge.
[83].

used in transmission and distribution systems. Parallel strings of series cells provide more

current and thus power to the system the battery is being integrated into.
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Based on data found in [130], [19], [83], and [21], the following arrangement of cells was

chosen to be representative for the battery being modeled: 32 cells in series to form a string,

10 strings in parallel to form a module, 20 modules in series to form the complete battery.

(This battery size was chosen as it seems to be a size commercially available and is appro-

priately sized for distribution substations.) Based on this cell arrangement, it was possible

to calculate the nominal voltage as ∼1165V and nominal current as ∼820A. These values are

consisted with specification published in the sources, confirming the cell arrangement would

reasonable form the specified battery.

This model of the battery allows a more realistic representation of the power transfer

process. [21] cites a maximum current limit which, depending on the battery’s state-of-

charge, may or may not allow for maximum power transfer as the internal voltage may not

be high enough. During each dispatch period of the simulation, the internal voltage and

resistances of the battery are updated based on the previously mentioned factors. From this,

the maximum power transfer is calculated. If that value is over the rated 1MW, the power

setting for the next dispatch period is capped at 1MW. Values lower than 1MW are directly

used as the cap value. The available storage capacity of the battery also plays a factor in

determining the available power setting for a period; see section 6.4.1.

6.4 Cycle Counting and Battery Degradation

Like many batteries, the sodium sulfur battery’s lifetime is specified as both a calendar

value and a cycle count; the battery is considered “dead” when either of these limits are

reached. Prior to either of these limits being reached, though, the performance of the battery

degrades as it wears out. For the model used in this study, this is expressed in three ways:

the increase in internal resistance, the loss of efficiency, and the loss of battery capacity. All

of these degradations are a function of the number of discharge-charge cycles the battery has

undergone.
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6.4.1 Cycle Counting

In the simulations conducted, counting the number of calendar days since the beginning

of operation is trivial as it is defined as a simulation parameter. Counting the number of

cycles, though, is complicated by two factors:

1. The cycle count must be updated as the simulation progresses rather than waiting for

the completion of the simulation to count the number of cycles. This is necessary as

the degradation parameters of the sodium sulfur battery are functions of the number

of cycles the battery has experienced.

2. Not all discharge-charge cycles will have the same depth. For example, a given oper-

ation pattern may only discharge the battery to 70% before recharging it completely.

Alternatively, it may discharge it to 30% and only recharge it to 80% before starting

another discharge cycle. The cycle-counting cycle should account for these varying

depths of discharge.

A method of counting mechanical cycles during testing is presented in [176] can be directly

applied to the case of cycle-counting with batteries. The algorithm presented was modified

so that as the number of cycles and the depth of each cycle was counted as the battery

operated in the simulation. These partial cycles were algebraically summed to arrive at a

total cycle count for the battery at any point in time. This technique assumed that 5, 20%

cycles was equivalent to 1, 100% cycle though there is some disagreement in the literature as

to the validity of this assumption and its applicability across different battery technologies;

see [85], [177], [178], [179], [4] and [180].

Based on information found in [4], the life of the battery can be significantly extended

by limiting the depth-of-discharge to 90%, allowing for 4500 cycles instead of 2500 cycles

at 100% depth-of-discharge. The assumption was made that a higher cycle count for the

battery was worth the lower capacity and in all simulations the battery was limited to a 90%

depth-of-discharge.
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6.4.2 Battery Degradation

Using the online cycle-counting, it is possible to update the necessary battery parameters

to increase the degradation effects as the battery ages. Rlc in Figure 6.1 is used to capture

the rise in internal resistance as the battery ages and performs at a lower level. Figure

6.4 shows the increase in internal resistance as the battery is cycled between charge and

discharge states. This curve was used to develop an internal resistance degradation function

driven by the number of cycles. In a new battery, Rlc is zero and as the battery is used,

the value increases. As in the case of Rc and Rd, the value of Rlc was updated during the

simulation as the number of cycles increased through use of the battery.
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NAS battery is usually used in the form of a battery 
module in which cells are collected and housed in a 
thermal enclosure as shown in Figure 2. The battery 
module is equipped with an electrical heater to raise and 
maintain cell temperature as NAS battery operates at an 
optimal temperature of nearly 300° C. Cells inside the 
module are anchored in place by filling and solidifying 
them with sand to prevent fires. Table 2 shows the 
specifications of a NAS battery module. The features and 
advantages of NAS battery are discussed in detail in [1, 2, 
7, 8]. 

 

 
Figure 2. 50kW NAS battery module structure 

Table 2. Specification of NAS battery module 

Power Output 52.1 kW 
Voltage 58 V/116 V 
Current 726 A/363 A 
Capacity 375 kWh 

Efficiency  >83% 
Dimensions W:2.17 m; D:1.69 m;  

H:0.64 m 
Weight 3.5 ton  

Energy Density 160 kWh/m3 
No. of Cells 320 

 
In this work, the model of a single NAS cell is first 

developed and validated. Then, the model is extended to 
represent a NAS battery module since the NAS battery is 
usually used in this form where a number of NAS cells 
are connected together to give higher power and energy 
capacity. 

3. IMPORTANT FACTORS IN NAS BATTERY 

MODELLING 

In order to model the NAS battery accurately, the factors 
discussed in the following sections such as the internal 
resistance, service life, temperature, electromotive force 
and depth of discharge are vital to determine battery 
capacity and voltage-current behavior. 

3.1 Internal Resistance 

The internal resistance of the NAS battery consists of the 
ohmic resistance associated with electrolyte resistance, 
plate resistance and fluid resistance, and the resistance 
associated with the polarization effect. The internal 
resistance varies during charging and discharging 
operation depending upon the depth of discharge and 
temperature as demonstrated in Figure 3. The figure 
consists of two groups of curves, one for the charging 

operation and the other is for the discharging operation at 
five different cell temperatures. The curves show how the 
internal resistance varies with the depth of discharge for 
different cell temperature. It can be observed that the 
internal resistance reduces as temperature increases from 
280° C to 360° C. Also observed at the end of charging 
and discharging operation is the polarization effect that 
tends to increase the internal resistance. These ranges of 
depth of discharge have to be avoided in the operation of 
the NAS battery due to the excessive increase in internal 
resistance. 
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Figure 3. Depth of discharge vs. internal cell resistance at 

different temperature (Experimental) 
 

The internal resistance also varies due to the life cycle 
resistance that depends upon the number of the charge-
discharge cycle already experience by the battery. As 
demonstrated in Figure 4, the internal resistance increases 
as the number of charge-discharge cycle increases. This 
factor is important as it determines the remaining 
available maximum pulse power and voltage output of a 
NAS battery. 
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Figure 4. Cell-deterioration resistance vs. charge-

discharge cycle (Manufacturer Data) 

3.2 Temperature Effect 

NAS battery operates around 300-360° C. Its temperature 
varies differently between charging, standby and 
discharging state of operation. During discharging state, 
NAS battery generates resistance heat and entropic heat 
causing the battery to store heat and raises its 
temperature. While at charging state, the amount of 
resistance heat generation is nearly equal to that of 

Figure 6.4: Increase in internal resistance of a sodium-sulfur battery as a function of number
of charge-discharge cycles. [83].

The two other major effects of degradation are a decrease in battery capacity and effi-

ciency. Figure 6.5 shows manufacturer provided data estimating the degradation in these two

parameters. Based on the manufacturer specifications found in [21] which states a calendar

life of 15 years at 300 cycles each year, the given annual losses were converted to per-cycle

losses.
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RECENT SODIUM SULFUR BATTERY APPLICATIONS IN JAPAN  

Kouji Tanaka  TOKYO ELECTRIC POWER COMPANY  Tokyo, Japan 
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1 ABSTRACT 

The sodium-sulfur (NAS) battery has been under development by Tokyo Electric 
Power Company (TEPCO) and NGK insulators, Ltd., since 1984.  Its long term 
reliability and high performance have been confirmed in more than twenty 
demonstration projects dating from 1992.  This report summarizes the most 
recent advancements in NAS battery development and deployment, including 
early investigation of power quality and emergency DC power applications  

2 NAS BATTERY DEVELOPMENT 

At the 1998 ESA Fall Meeting, NGK described the evolution of NAS cells from 
160Ah (T4.1), to 248Ah (T4.2), and then to 632Ah (T5) cell capacity, as well as 
the results of tests and demonstrations (Reference 1).  The focus of development 
activities was on daily load-leveling (or peak-shaving) applications for about 8 
hours.  Since then, long-term tests and demonstrations have continued, and 
results are very good.  For example, as shown in Figure 1, the rates of 
degradation of NAS T4.1 cell capacity and energy over 5000 cycles are very low.   

Meanwhile, additional 
emphasis has been placed on 
refinement of the NAS T5 
cells and battery modules for 
power quality applications, 
which require pulses of power 
for periods from 5 to 15 
minutes.  Initial results of tests 

for such applications were 
reported in the Fall of 1999 
(Reference 2).  

Figure 6.5: Decrease in sodium sulfur battery capacity and efficiency as the battery is cycle-
aged. [181].

6.5 Energy Arbitrage Simulation Experiment Parameter Definition

In consideration of the background research, available data, and simulation procedure,

the following specific input parameter boundaries have been chosen. These boundaries define

the subset of the above discussed problem space (see section 6.2) that was explored along

with the fixed values that will be used for dimensions in the problem space that were not

explored.

Four control algorithms for the energy storage were implemented: two time-based al-

gorithms and two load-forecast-based algorithms. All of these algorithms were chosen in

an attempt to directly control when the energy storage device would charge and discharge

by submitting very low-priced (charge) and high-priced (discharge) bids for energy. This

virtually guarantees that their bid will be accepted as it is much lower than conventional

generation. The four algorithms used were just a few of many that were examined during

development. These four were chosen based on their relative success and variety of strategies

they represented.
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The time-based forecasts all operate at the same time every day, charging from midnight

to 9:00am and discharging during the peak load in afternoon from 3:00pm to 8:00pm. The

energy storage device would also bid in at the maximum power level it could support, based

on its current state. For the algorithm Time-Based 1, this cycling took place from May 1 to

Sept 30. During development it became clear this would operate at 150 cycles per year, half

the recommended maximum annual rate. Time-Based 3 allowed for charging and discharging

during every month of the year bringing the total annual cycle to ∼300. (Not every cycle

would necessarily be a full-charge discharge cycle due to the 90% discharge limit and power

transfer limits based on the state-of-charge of the battery). For both of these algorithms, the

energy storage devices was idle during times outside of the stated operating hours, neither

charging or discharging.

The load forecast algorithms took advantage of information that the system operator

provides in some jurisdictions: a predicted load for upcoming market periods. In the ERCOT

system, zonal loads (geographically averages) are provided for every period seven days into

the future [182]. To replicate this level of information, similar zonal load predictions are

created by taking the actual load values used and adding 5% noise to replicate the uncertainty

of forecasts. These zonal loads were then accessed by the bidding algorithms to determine

whether they would attempt to charge, discharge, or sit idle.

Load-Forecast 1 adjusts the amount of energy it bids based on how much the predicted

load deviates from the annual average load for the zone in which it was located. The further

the deviation in load, the higher the amount of bid energy (see Figure 6.6).

Load-Forecast 4 also looks at how far from the average the predicted zonal load is. Instead

of varying the amount of power it bids in, though, it always bids the maximum available. It

will only bid this amount if the forecast prices is at least 0.5σ away from the average (see

Figure 6.7).

To determine the effect of location on the profitability of the energy storage device, three

locations in the WECC network were chosen based on their base-case (no storage) LMPs.
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Figure 6.6: Assuming the price for a given zone for a year is normally distributed, the Load-
Forecast 1 algorithm bids more energy into the market (darker colors) as the predicted load
is further from the average.

For every hour of the year, the node with the highest and lowest daily spread in prices were

found. The nodes that most frequently had the highest and lowest price spread were selected

as installation locations. The node that most frequently had the highest daily price spread

was node 4203, located in Pacific Northwest in the northwest portion of Oregon. The node

that most frequently had the lowest daily price spread was node 2634, located in the LA

area.

One other node was selected for examination and that was node 5001, located in Canada.

Due to relatively limited transmission capacity bridging from the Canada to the US, there are

times when the Canada generation capacity is not able to meet the load (typically due to low

hydro-generation output) and the transmission lines crossing the border become constrained.

During these times there can be very significant price spikes in the Canadian loads. It is

possible that these price spikes would significantly affect the operation of the energy storage

device thus this node was also chosen for energy storage installation.

The economics of energy storage in longer-term installations is a significant focus of this

work. The fixed cost of the energy storage device and the relatively long lifetime imply that
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Figure 6.7: Assuming the price for a given zone for a year is normally distributed, the Load-
Forecast 4 algorithm only bids any energy into the market if the price is at least ±0.5σ from
the average. It always bids as at full power.

its use in a multi-year scenario could provide a valuable revenue stream. Conversely, these

devices do wear out over time, both in terms of capacity and efficiency. To explore the revenue

opportunities, the devices were tested both under a one-year and five-year installation. These

installations did not move throughout the network but remained at a single node. The

assumption for a five year installation is that the power and energy capacity of the device

would be sufficient to handle the relatively low load growth during that time. The actual

storage device used in the simulation is a small but commercially available 1 MW, 7.6 MWh

unit. This sodium-sulfur battery is small enough that it could be transported relatively

easily and does not require excessively large space within a substation for installation.

The last most significant factor being considered in these simulations is that of the effi-

ciency of the energy storage device. As was mentioned in section 6.2.1, there is considerable

discussion about the importance of efficiency in determining the economic viability of energy

storage. Based on the available data in the literature, two reasonable but disparate values

for the one-way DC efficiency of the device were chosen at 94% and 88%. The converter
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efficiency was fixed at 95% (one-way) resulting in total round-trip efficiencies of 80% and

70%.

The remaining three parameters (equipment upgrade cost, power converter cost, and

energy storage cost) did not directly affect the simulation and will be discussed in more

detail in section 6.6. Table 6.1 provides a list of the specific market simulation experiment

input parameters that were simulated.
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TABLE 6.1

ENERGY ARBITRAGE SIMULATION PARAMETER DEFINITION

Experiment Storage Bidding Storage Simulated
Designation Location Algorithm Efficiency Years

1 High LMP Time-Based 1 90% 1
2 High LMP Time-Based 1 90% 5
3 High LMP Time-Based 1 80% 1
4 High LMP Time-Based 1 80% 5
5 High LMP Time-Based 3 90% 1
6 High LMP Time-Based 3 90% 5
7 High LMP Time-Based 3 80% 1
8 High LMP Time-Based 3 80% 5
9 High LMP Load-Forecast 1 90% 1
10 High LMP Load-Forecast 1 90% 5
11 High LMP Load-Forecast 1 80% 1
12 High LMP Load-Forecast 1 80% 5
13 High LMP Load-Forecast 4 90% 1
14 High LMP Load-Forecast 4 90% 5
15 High LMP Load-Forecast 4 80% 1
16 High LMP Load-Forecast 4 80% 5
17 Low LMP Time-Based 1 90% 1
18 Low LMP Time-Based 1 90% 5
19 Low LMP Time-Based 1 80% 1
20 Low LMP Time-Based 1 80% 5
21 Low LMP Time-Based 3 90% 1
22 Low LMP Time-Based 3 90% 5
23 Low LMP Time-Based 3 80% 1
24 Low LMP Time-Based 3 80% 5
25 Low LMP Load-Forecast 1 90% 1
26 Low LMP Load-Forecast 1 90% 5
27 Low LMP Load-Forecast 1 80% 1
28 Low LMP Load-Forecast 1 80% 5
29 Low LMP Load-Forecast 4 90% 1
30 Low LMP Load-Forecast 4 90% 5
31 Low LMP Load-Forecast 4 80% 1
32 Low LMP Load-Forecast 4 80% 5
33 LMP Spikes Time-Based 1 90% 1
34 LMP Spikes Time-Based 1 90% 5
35 LMP Spikes Time-Based 1 80% 1
36 LMP Spikes Time-Based 1 80% 5
37 LMP Spikes Time-Based 3 90% 1
38 LMP Spikes Time-Based 3 90% 5
39 LMP Spikes Time-Based 3 80% 1
40 LMP Spikes Time-Based 3 80% 5
41 LMP Spikes Load-Forecast 1 90% 1
42 LMP Spikes Load-Forecast 1 90% 5
43 LMP Spikes Load-Forecast 1 80% 1
44 LMP Spikes Load-Forecast 1 80% 5
45 LMP Spikes Load-Forecast 4 90% 1
46 LMP Spikes Load-Forecast 4 90% 5
47 LMP Spikes Load-Forecast 4 80% 1
48 LMP Spikes Load-Forecast 4 80% 5
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6.6 Economic Analysis Parameter Definition

In studying the economic advantages to deferring equipment upgrades/replacement with a

battery, there are a number of specific details that must be defined. Parameters in the model

relating to the specific equipment being upgraded such as its cost, expected lifetime, and

load growth it is experiencing would ideally be defined with by a specific case that exists in

the system. This specificity would allow a strong case for or against that specific application

of energy storage and enable an economically sound decision. Given the aggregated model

used for the energy arbitrage benefit, such specificity is not supported in the model and

so more generic upgrade scenarios must be constructed with the parameters gleaned from

studies done in the literature.

First, the “control” scenario in this economic analysis is the purchase of the necessary

upgrade at at the beginning of the analysis period, shown in Figure 6.8. In this case, the end

of the analysis period is by definition at the end of the equipment’s service life and therefore

the depreciated value of said equipment is zero. This will be referred to as a “direct upgrade”

approach.

Equipment
Upgrade
Purchase

Upgraded
Equipment
Lifetime

Time

Figure 6.8: Cash flow diagram for the direct upgrade of the equipment.
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The alternative scenarios where energy storage is installed have a generic cash flow di-

agram shown in Figure 6.9. The analysis begins with the purchase and installation of a

battery in lieu of upgrading a certain piece of equipment. The battery remains installed

for a certain number of years, generating revenue through energy arbitrage and preventing

said equipment from overloading. After a given amount of time, the equipment upgrade

can be deferred no longer (due to load growth, aging, or other factors) and the the battery

is removed and its depreciated value is assessed, creating a virtual positive cash flow. The

equipment is upgraded at that point in time and is subsequently removed when at the end

of its lifetime as assessed from when it should have originally been installed. Due to the

battery installation preventing the equipment from reach full depreciation (zero value), the

upgraded equipment is also assessed for depreciated value, creating another positive virtual

cash flow.

The economic question being addressed is whether the net present value of installing and

using a battery for energy arbitrage and deferring an upgrade results in a higher or lower

net present value than just doing the upgrade directly. A higher net present value would

indicate a more favorable economic outcome by installing the battery and a lower value

would indicate the equipment should be upgraded directly.

To fully define the cash flows shown in Figure 6.9, several parameter values need to be

chosen and assumptions made.

• Deprecation will be done using the straight-line method.

• Based on values found in 3.1 a low and a high value was used in estimating the cost of

the sodium-sulfur battery: $1500/kW and $3000/kW.

• Based on the energy arbitrage simulation results, the number battery was determined to

be calendar life limited (rather than cycle life limited) meaning its installation lifetime

is 15 years for all cases.

82



Battery
Purchase

Energy 
Arbitrage
Revenue

Equipment
Upgrade
Purchase

Depreciated 
Battery
Value

Depreciated
Equipment

Value

Battery
Installation

Period

Upgraded
Equipment

Lifetime

Time

Figure 6.9: Generic cash flow diagram used in the economic analysis of the various use cases
of energy storage. The red arrows represent the cash flows associated with the battery and
the blue are those associated with the forced upgrade of the equipment at the end of the
battery installation.

• Based on values used in the economic analysis done in [2], [4], [6], [5], [7], [67], [52],

[53], [183] and [184], a discount rate of 10% was chosen.

• Based on values found in [7], [67], [4], [5], [52], [53], [53], [185], [186], [58], [6], [63],

[184], [54], and [56] an upgrade amount of 10MW was chosen with a low and high cost

of $200/kW and $1000/kW.

• The lifetime of the new piece of equipment used in the upgrade was assumed to be

either 5 years or 20 years.

• Two upgrade scenarios have been assumed: one where the battery is only able to defer

the upgrade one year and one where the battery can defer the upgrade 5 years.
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Given the multiple low and high value pairs, as in the case of the energy arbitrage

simulation experiment (see section 6.5), all combinations of parameters will be explored,

resulting in a series of analysis scenarios. These specific combinations are shown in Table

6.2. For each of these analysis scenarios, the value of the energy arbitrage is tied only to

the upgrade scenario, whether the battery was installed for one year or for five years. In all

other ways it is independent meaning that each economic analysis scenario in Table 6.2 has

twenty-four different values for the energy arbitrage revenue depending on the assumptions

made about the parameters of the battery (see Table 6.1). A monthly compounding period

is assumed for this analysis.

TABLE 6.2

ECONOMIC ANALYSIS PARAMETER DEFINITION

Economic Upgrade Cost of
Analysis Equipment Upgrade Cost of Equipment

Designation Lifetime (yrs) Scenario Battery ($M) Upgrade (M$)
A 5 1 yr deferral 1.5 2
B 5 1 yr deferral 1.5 10
C 5 1 yr deferral 3 2
D 5 1 yr deferral 3 10
E 5 5 yr deferral 1.5 2
F 5 5 yr deferral 1.5 10
G 5 5 yr deferral 3 2
H 5 5 yr deferral 3 10
I 20 1 yr deferral 1.5 2
J 20 1 yr deferral 1.5 10
K 20 1 yr deferral 3 2
L 20 1 yr deferral 3 10
M 20 5 yr deferral 1.5 2
N 20 5 yr deferral 1.5 10
O 20 5 yr deferral 3 2
P 20 5 yr deferral 3 10
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CHAPTER 7

RESULTS

The results of this study are split into two sections: the first looks at just the energy

arbitrage revenue and the effects of the various parameters on its value and the second looks

at the combined economic effects of energy arbitrage and upgrade deferral, using the analysis

approach outlined in section 6.6.

7.1 Energy Arbitrage Simulation Results

The results from the energy arbitrage simulation are shown in Table 7.1. The results are

also presented graphically by experimental variable in Figures 7.1, 7.2, 7.3 and 7.4.

One particular note when examining the results: there are many cases where the net

energy arbitrage revenue is negative. This indicates that the cost the energy it took to

charge the battery was greater than the revenue generated when the battery discharged and

sold the energy back to the grid. All of the energy arbitrage revenue values do not include

any additional cash flows such as the purchase cost of the battery or any installation and

maintenance costs. The net present value shown here is entirely determined by the daily

operation of the battery.

In looking at the results shown in Figure 7.1, we can see that generally longer installation

times produced greater (or less negative) revenues. The most significant exception is in 7.1a

where the Time-Based 2 bidding strategy was assumed and the efficiency was high. In this

case, the revenue produced with a one-year installation was significant greater than that of

the five-year installation.

The results in Figure 7.2 are much less ambiguous. Higher efficiency batteries always

performed better than lower efficiency batteries and often by a wide margin. In many cases,

the higher efficiency allowed the battery to earn a positive net present value instead of being

negative, as in the case of lower efficiency.
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Figure 7.3 shows the results when comparing the various bidding strategies and they

reveal a much less definitive effect. For example, looking at the graph in Figure 7.3a, it

appears that the simplistic Time-Based 1 strategy clearly produced the most revenue. When

using this same strategy at the price-spike location in Figure 7.3c, though, that strategy

performed the worst. At that location the Time-Based 3 strategy performed well in five year

installations but otherwise the load-forecast strategies performed best. In the case of a low

price-spread installation, all strategies performed equally poorly.

Examining the effect of installation location in Figure 7.4 was equally mixed. The high

daily price-spread node is, under many conditions, the best location to install the energy

storage device to produce energy arbitrage revenue. In some cases, though, particularly with

longer installation times, the price-spike node performed the best of the three locations. The

low price-spread node was often the worst location across all other factors but there are

many situations when it is not the lowest performer or where installation location doesn’t

seem to be a significant factor.
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TABLE 7.1

ENERGY ARBITRAGE SIMULATION RESULTS

Experiment Storage Bidding Storage Simulated Arbitrage Avg. Cycle Avg. Arbitrage
Designation Location Algorithm Efficiency Years NPV ($) Per Annum NPV ($/cycle)

1 High LMP TB 1 90% 1 5 395 125.33 43.04
2 High LMP TB 1 90% 5 17 484 126.06 27.64
3 High LMP TB 1 80% 1 50 134.16 0.37
4 High LMP TB 1 80% 5 -5 849 132.33 -8.84
5 High LMP TB 3 90% 1 4 015 298.38 13.46
6 High LMP TB 3 90% 5 25 330 294.34 17.21
7 High LMP TB 3 80% 1 -10 524 315.14 -33.39
8 High LMP TB 3 80% 5 -34 134 303.98 -22.46
9 High LMP LF 1 90% 1 881 173.88 5.07
10 High LMP LF 1 90% 5 4 944 177.13 5.58
11 High LMP LF 1 80% 1 -6 507 172.54 -37.71
12 High LMP LF 1 80% 5 -26 590 172.72 -30.79
13 High LMP LF 4 90% 1 1 231 154.01 7.99
14 High LMP LF 4 90% 5 7 261 167.79 8.66
15 High LMP LF 4 80% 1 -5 415 152.57 -35.49
16 High LMP LF4 80% 5 -22 442 163.69 -27.42
17 Low LMP TB 1 90% 1 432 125.33 3.45
18 Low LMP TB 1 90% 5 559 126.73 0.88
19 Low LMP TB 1 80% 1 -2 754 134.16 -20.53
20 Low LMP TB 1 80% 5 -12 354 134.25 -18.40
21 Low LMP TB 3 90% 1 -412 299.64 -1.37
22 Low LMP TB 3 90% 5 -6 728 300.34 -4.48
23 Low LMP TB 3 80% 1 -8 354 318.96 -26.19
24 Low LMP TB 3 80% 5 -37 956 311.90 -24.34
25 Low LMP LF 1 90% 1 450 223.09 2.02
26 Low LMP LF 1 90% 5 -1 461 216.06 -1.35
27 Low LMP LF 1 80% 1 -4 531 219.47 -20.64
28 Low LMP LF 1 80% 5 -21 599 209.86 -20.58
29 Low LMP LF 4 90% 1 578 212.89 2.72
30 Low LMP LF 4 90% 5 -788 213.76 -0.74
31 Low LMP LF 4 80% 1 -4 162 208.44 -19.97
32 Low LMP LF4 80% 5 -20 415 206.94 -19.73
33 LMP Spikes TB 1 90% 1 -5 394 125.33 -43.04
34 LMP Spikes TB 1 90% 5 -21 298 126.28 -33.73
35 LMP Spikes TB 1 80% 1 -10 527 134.28 -78.46
36 LMP Spikes TB 1 80% 5 -43 545 133.55 -65.21
37 LMP Spikes TB 3 90% 1 -537 286.36 -1.87
38 LMP Spikes TB 3 90% 5 66 604 272.42 48.90
39 LMP Spikes TB 3 80% 1 -16 613 302.96 -54.83
40 LMP Spikes TB 3 80% 5 1 918 283.56 1.35
41 LMP Spikes LF 1 90% 1 1 794 168.74 10.63
42 LMP Spikes LF 1 90% 5 29 536 156.80 37.67
43 LMP Spikes LF 1 80% 1 -6 840 167.52 -40.83
44 LMP Spikes LF 1 80% 5 -18 427 153.02 -24.08
45 LMP Spikes LF4 90% 1 932 160.07 5.82
46 LMP Spikes LF 4 90% 5 12 261 150.12 16.34
47 LMP Spikes LF 4 80% 1 -819 158.46 -5.17
48 LMP Spikes LF 4 80% 5 -7 247 146.30 -9.91
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(a)

(b)

(c)

Figure 7.1: Per-cycle simulation results showing energy arbitrage revenue comparing the effect of
installation duration for installation at (a) a node with a high daily price spread, (b) a node with
a low daily price spread, and (c) a node with price spikes due to congestion.
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(a)

(b)

(c)

Figure 7.2: Per-cycle simulation results showing energy arbitrage revenue comparing the effect of
battery efficiency for installation at (a) a node with a high daily price spread, (b) a node with a
low daily price spread, and (c) a node with price spikes due to congestion.
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(a)

(b)

(c)

Figure 7.3: Per-cycle simulation results showing energy arbitrage revenue comparing the effect of
bidding strategy for installation at (a) a node with a high daily price spread, (b) a node with a low
daily price spread, and (c) a node with price spikes due to congestion.
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(a)

(b)

Figure 7.4: Per-cycle simulation results showing energy arbitrage revenue comparing the
effect of battery location for installation with (a) the time-based bidding strategies and (b)
the load-forecast bidding strategies.
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7.2 Combined Energy Arbitrage and Upgrade Deferral Results

Results of the combined economic analysis can be seen in Table 7.2 and Figures 7.5,

7.6, 7.7, 7.8. As discussed in section 6.6, twenty-four of the fourth-eight energy arbitrage

simulations applied to each economic case A-P, depending on the length of the battery

installation. The “Energy Arbitrage NPV” shown in the table is range of values applicable

to this economic analysis case. All later values dependent on this value are also presented

as a range of values.

The “Battery Capital NPV” is the difference between the NPV of the purchase price of

the battery and that of the depreciated “sale” of the battery at the end of its installation.

In a similar manner, the “Deferred Upgrade NPV” is the difference between its purchase

and depreciated value. Note that for economic scenarios E through H, there is no upgrade

equipment purchased during the economic analysis period. In these scenarios, the battery

is installed for the entire life of the equipment whose upgrade is being deferred and thus

no equipment is ever installed in the analysis period. (Said equipment would need to be

installed immediately after the removal of the battery but in this case, that event occurs

outside the analysis period.)

The values in the “Total Battery Scenario NPV” column are the sum of the previous three,

showing the comprehensive NPV for all economics analysis cases under the assumption that

a battery is used for part or all of the analysis period to defer the upgrade. These values are

in contrast to the cost of not purchasing a battery and directly upgrading the equipment at

the beginning of the analysis period, this value is shown in the “Cost of Equipment Upgrade”

column.

The final column shows the difference between the total cost of purchasing and using

a battery (“Total Battery Scenario NPV” column) and the direct upgrade cost (“Cost of

Equipment Upgrade” column). Where this value is positive it indicates its is more econom-

ically beneficial to purchase an install a battery for use as indicated in this study than to
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upgrade the equipment directly. If the value is negative, it indicates a direct upgrade would

be the financially prudent route.
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Figure 7.5: Economic analysis comparing the effect of upgraded equipment lifetime on the
total NPV difference between using the battery to defer the upgrade vs upgrading directly.

Figure 7.6: Economic analysis comparing the effect of upgrade deferment period on the total
NPV difference between using the battery to defer the upgrade vs upgrading directly.

95



Figure 7.7: Economic analysis comparing the effect of battery capital cost on the total NPV
difference between using the battery to defer the upgrade vs upgrading directly.

Figure 7.8: Economic analysis comparing the effect of upgrade capital cost on the total NPV
difference between using the battery to defer the upgrade vs upgrading directly.
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CHAPTER 8

ANALYSIS

8.1 Simulation Results Analysis

A few general notes before examining the effects of the individual factors varied in this

study. First, using the results from Table 7.1 it is possible to calculate the average $/year

energy arbitrage net present value and, using the knowledge that a 1MW/7MWh battery was

used in these simulations, calculate the $/kW-yr revenue. This is the unit commonly used

in the literature and appears in Table 2.1. The values in this table range from $14/kW-yr

to around $100/kW-yr; the results of this simulation translate into values from -$16/kW-yr

(experiment case 39) to +$13/kW-yr (experiment case 38). Though these simulation results

are not comprehensive and it is almost certain this study did not measure the absolute best

case for energy arbitrage, it appears that many of the estimates in the literature are fairly

optimistic.

Secondly, the annual number of cycles shown in Table 7.1 are almost all under the man-

ufacturers suggested limit of 300 cycles/year. Those that are not under this limit are just

barely so, being only a handful of cycles over. By staying under this limit, the battery will

have a calendar limited lifetime (15 years) rather than being cycle limited. Based on the

variety of test conditions explored in this study, it would appear that the sodium sulfur is

well suited for these types of applications. Other applications, such as frequency regulation,

where larger number of cycles may be expected, may end up being cycle-limited.

8.1.1 Energy Storage Duration Analysis

One of the primary efforts in this study was to include degradation effects in the op-

eration of the battery to determine how energy arbitrage revenue is impacted by the loss

in performance of the battery over time. The results shown in Figure 7.1 generally do not

favor an interpretation that shows decreased revenue due to degradation. The clearest evi-
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dence that this may be the case comes from examining one of the more profitable scenarios:

a high efficiency battery installed at a high price-spread node using the bidding strategy

Time-Based 1. The revenue from both the one year and five year installation is significantly

positive but the five year installation is roughly two-thirds that of the one-year installation.

In all other scenarios, the two values being compared are roughly equal or the five-year

installation shows a greater value stream.

The analysis of the value of a one-year vs five-year installation is confounded by one

significant factor: the load growth. As load grows throughout the system, energy prices will

generally increase (all other things being equal). These marginally higher prices can explode

if the load growth bumps up against transmission constraints, forcing energy to be purchase

from the next least-expensive generator that can deliver the energy to the node in question.

Due to this effective generator-switching, there is no reason to expect a continuously smooth

increase in price; it is not unusual for a price jump to take place when the LMP in impacted

by transmission constraints. The results in Figure 7.1c are from a node where price spikes

tend to occur due to transmission constraints and the significantly higher energy arbitrage

revenue for longer installations can be seen in a few cases.

The most interesting of these is the high-efficiency, Time-Based 3 case: Time-Based

3 operates the battery year-round at fixed periods of the day. Examination of the raw

data revealed that atypical renewable generation output in December created transmission

congestion and allowed this particular strategy to inadvertently capitalize on the high energy

prices. The Load-Forecast 1 strategy at high efficiency also fared well but not quite as well

as Time-Based 3. This is a case where (accidentally) being in the right place at the right

time produced tremendous benefits.

8.1.2 Energy Storage Efficiency Analysis

The benefit of higher efficiency energy storage devices is to be expected and the results

from the energy arbitrage simulation (shown in Figure 7.2) do not disappoint. Unequivo-
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cally, a higher efficiency battery results in lower losses, allowing more of the energy that is

purchased to be sold back profitably.

As discussed in section 2.1, there is some disagreement in the literature about the neces-

sity of high-efficiency energy storage devices in capturing value for energy arbitrage scenarios.

The evidence from the simulation seems to support the conclusion that efficiency has a sig-

nificant effect on energy arbitrage revenues. The difference in one-way DC efficiency does

not seem numerically significant: 94% vs 88%. But when the energy must undergo this

chemical energy conversion twice as well as pass through a 95% efficient converter twice,

these compounded losses add up. The difference in per-cycle revenue is significant and often

makes the difference between a positive and negative energy arbitrage cash flow.

8.1.3 Energy Storage Bidding Strategy Analysis

As previously mentioned in section 7.1 and shown in Figure 7.3, the comparison of bidding

strategy produces much more mixed results. There is no clear, dominant strategy that fairs

well in every situation. Perhaps the most surprising result is that that the time-based

strategies fared as well as they did. In the case of high-efficiency installation at a high

price-spread node, the Time-Based 1 strategy performed best with Time-Based 3 marginally

edging out the load-forecast strategies. Both time-based strategies operate on the assumption

that prices will always be high in the afternoon and low overnight. This worked well in the

previously mentioned scenarios but even reducing the efficiency to the lower value turned the

NPV revenue from highly positive to non-trivially negative. When moved to the price-spike

node, these time-based strategies almost uniformly performed the worst, the exception being

that of Time-Based 3 discussed earlier in section 8.1.1.

Equally surprisingly, the load-forecast strategies did not provide consistly positive NPV.

Though these strategies much more intelligently used load forecasts for the upcoming period

to determine whether they would buy, sell or abstain in the energy market, this extra infor-

mation was not always effectively used. The revenue created by these strategies tended to
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be below or on par with that of the time-based strategies. In only two cases (installation at

the price-spike for one year) did both load-forecast strategies outperform both time-based

strategies and there are no other cases where one load-forecast strategy beat both time-based

strategies.

These somewhat confusing results underscore a common complexity in operating and

managing the power grid and its markets: load is not always well correlated with price. As

discussed in 8.1.1, congestion in the transmission network can lead to cases where cheap

energy is not able to flow where it is needed. Nodes that have lower than average load

levels may suddenly experience high prices due to congestion caused by loads at neighboring

nodes in the network. For this reason, a price forecast would be more useful than a load

forecast but forming such a forecast is difficult. Given enough relevant information (loads

at neighboring nodes, outdoor temperature, loading levels of relevant equipment), it may

be possible to form a good-enough price predictor; collecting said information is likely a

non-trivial matter.

8.1.4 Energy Storage Location Analysis

As in analyzing the results from the comparison of bidding strategy, the results in Figure

7.4 show no definitively best location to install energy storage devices for generating energy

arbitrage revenue. The installation at a node with a low daily price spread showed the most

consistent (and poor performance), doing little better than breaking even and often much

worse. This is to be expected when the energy arbitrage value stream depends on large price

spreads. The installations at the node with high daily price spread performed well fairly

consistently for the same reasons, at times generating much more revenue than installations

at the other node types.

But being at a high price-spread no was no guarantee of profitability. In all low-efficiency

installation, the battery installed at the high price-spread had a negative NPV energy ar-

bitrage revenue. In some cases it was the most negative of the three and in one case
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(Time-Based 3 strategy with a five year installation), the battery at the price-spike node

was profitable when the other two were negative. Equally confounding, there were several

comparisons where the price-spike node generated much more revenue than the other two

installations.

Examining the results from comparing the energy storage location and bidding strategy

show a strong interactive effect and impact on the energy arbitrage revenue. The implication

is that it appear the most profitable operation of an energy storage device will vary from

case to case and any rules of thumb that may or may not hold for a particular installation.

Bidding strategies that work at one location may not work at another and for a given location,

it may be necessary to alter the bidding strategy to reach the energy storage device’s full

potential.

8.2 Combined Energy Arbitrage and Upgrade Deferral Analysis

The results from the energy arbitrage simulation (see section 7.1 and Table 7.1) show

that there are a number of situations where the NPV of the energy arbitrage is significant,

in then tens of thousands of dollars. The significance pales, though, when compared to the

capital cost of the battery itself and the value it seeks to provide from deferring the upgrade

of equipment that is reaching is operating limit. The results in Table 7.2 clearly show that

the majority of the value of energy storage comes not from the easily understood energy

arbitrage but from the less tangible upgrade deferral.

When looking through the results a few factors stand out readily. First and most impor-

tantly, at the prices generated in the market/power-flow simulation, energy arbitrage is a

figurative drop in the bucket. It is clear that energy arbitrage revenues are far from sufficient

in and of themselves to justify the purchase cost of the battery. This is particularly true in

light of the limited number of cycles the battery is able to support; at the current technology,

the energy arbitrage revenue would need to be at least $333/cycle to break even on a $1.5

million battery, twice that much for a $3 million battery. Right now, the best case from the

particular cases explored in this simulation (from Table 7.1) is ∼$49/cycle. That being said,
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in marginal cases the impact of the energy storage revenue plays a nontrivial portion of the

final economic assessment.

It is clear that upgrade deferral savings is largely responsible for determining whether

a given scenario is economically viable. In cases A, E, I, and M, the cost of the battery

itself is less than the cost of the upgrade making the use of battery immediately beneficial;

any energy arbitrage revenue gained is purely icing on the cake. Interestingly, though, these

cases are the not the most financially beneficial. The most reward came when being able

to defer the more expensive upgrades for longer periods of time. In cases E-H, the upgrade

was eliminated completely resulting in the greatest financial benefit for all cases examined

(cases F and H).

Looking at the factors individually, the results of the economic analysis present a much

clearer path to maximizing the value of energy storage when using it for upgrade deferral.

Figure 7.5 shows the it is always economically more advantageous to use energy storage to

defer upgrades on equipment with five year lives as compared to equipment with 20 year

lives. Figure 7.6 shows almost unanimously that providing five years of upgrade deferment

is better than one year, the one exception being the case where both scenarios came out

NPV negative. Figure 7.7 shows a marginally more positive NPV when using a lower cost

battery than one that costs twice as much. Lastly, Figure 7.8 clearly shows that deferring

the upgrade on more expensive equipment produces a dramatically improved NPV.

Of all the results, the minor effect battery cost on the final economic analysis is perhaps

the most surprising. The difference in NPV between using a $1.5M and $3.0M battery is not

negligible but it is also not very significant. These results seem to imply that for upgrade

deferral under these types of economic conditions, the other factors explored have a much

more significant effect than the capital cost of the battery. This minor effect is heavily

influenced by how a partially depreciated battery is valued. Different depreciation schedules

will have an impact on how important the battery capital cost is.
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It is important to remember, especially in some of the more marginally beneficial scenar-

ios such as A, G, I, and M, that there are several significant financial factors not included in

this study. The additional cost of transportation, installation, maintenance, and decommis-

sioning may have a significant impact on the final value of using an energy storage device

in this manner. Furthermore, any studies that may need to be done to maximize the value

from energy arbitrage may negate the value operating in such a manner seeks to provide.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

9.1 Conclusions

The results and analysis of using energy storage for energy arbitrage and upgrade deferral

are clear: the value of energy arbitrage is fairly low and comes nowhere near covering the

capital cost of the battery while value for upgrade deferral is quite large, especially for

expensive equipment. Running a combined market/power-flow simulation provided a more

substantiated assessment of the low value of energy arbitraged, showing even lower values

than what has been seen in the literature. As the upgrade deferral analysis was more general

in nature, the results are less conclusive but given the appropriate situation, energy storage

could play a significant role in asset management.

9.2 Future Work

9.2.1 Sodium-Sulfur Battery Model

Almost all simulation studies have room for improvement when it comes to modeling and

the study conducted here is no exception, particularly when it comes to modeling the sodium

sulfur battery. In particular, to simplify the calculation for the internal charge/discharge

resistance, a constant temperature of 300 ◦C was assumed (see section 6.3). This constant-

temperature assumption ignore the heating and cooling of the batteries while they operate.

A more realistic model would seek to incorporate a these thermal aspects, modeling not only

the heat generated or absorbed by the batteries during operation but also how the role of the

internal electric heaters would come into effect during long periods of non-operation (such

as in when using Time-Based 1 strategy that does not operate year-round). This modeling

would more than likely need to include ambient temperature information, adding to the data

requirements for effective simulation.
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The model used in this study treats the general conversion efficiency factor of the battery

as a reflection of the losses when electrical energy is converted to chemical and back again

(setting aside the power converter losses). This model does not take into account I2R power

losses coming from the internal resistances of the battery model used. Or more precisely,

based on the available information, it is not clear if the losses presented in the literature do

or do not include those losses. If they do not, the efficiency of the battery would be affected

by the current output of the battery. If the battery is operating at a given power level, lower

output voltage would require more output current which in turn would lead to higher losses.

These more complicated efficiency calculations are not included in the present model.

The interaction between the battery and the power converter connecting it to the larger

grid is not modeled at all in this study. Given the more dynamic voltage and current output

from the battery, including these kinds of effects may reveal problems with operating the

battery in particular states or a more narrow ideal operating range. Since all batteries will

require power converters if they are to be used in the bulk power system, studies of these

effects for other battery chemistries may have been done and could provide significant input

in studying this interaction with sodium-sulfur batteries.

The issue of calculating and accounting the state-of-charge for a battery has multiple

techniques detailed in the literature. Relatedly, there is some question as to how partial

cycles should be counted; do 5 20% cycles count the same at 1 100% cycle? There is some

evidence that they do not and the the cycle life of the battery can be dramatically increased

if it only experiences relatively small cycles. Given the importance of cycle-counting in the

existing battery model, further research into this topic could be beneficial in increasing the

accuracy of the model.
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9.2.2 Market/Power-Flow Simulation

Developing and running the market/power-flow simulation constituted the bulk of the

effort in this study; despite this, there are still significant improvements that could be made

in the simulation framework to provide a more realistic results.

In the case of using a battery with a fifteen-year calendar life, an obvious route would be a

fifteen year simulation. This would establish a baseline value for the value of energy arbitrage

for the life of the battery. Doing a fifteen year simulation presents other difficulties that would

need to be handled. Though a constant average load growth factor is included in the current

study, estimates of generation growth and transmission expansion would probably need to

be included. The generation growth could likely be modeled in a manner similar to load

growth (constant factor) but transmission expansion is a much more complicated matter.

Would existing paths have their ratings increased or would new paths be established? Unlike

load and generation growth which can be reasonably modeled as continuously increasing,

transmission expansion is likely to happen in a much more discrete manner. Appropriate

modeling mechanisms would need to be developed. When also considering these longer

simulation runs, generator outages, both planned and unplanned should be considered. Even

for one-year runs such factors could have a significant impact on the generator dispatch for

given periods.

One tool for managing these uncertainties is an extension of the MATPOWER framework

called the SuperOPF [33]. The SuperOPF seeks to find optimal generator dispatch by

considering not only the current network conditions but also a pre-defined set of contingency

conditions. These contingency conditions could be used to define variations in factors such as

load level, generator availability, transmission expansion, fuel prices, and any other parameter

in the model. Along with the definition of each contingency, a probability is also assigned to

each contingency. The SuperOPF takes all of this into consideration and determines, given

these possible scenarios, what the least-cost generation dispatch should be. The SuperOPF

106



may or may not be well-suited to the time-series simulations that are required when using

energy storage devices.

During the simulations done for this study it was assumed that the battery would dis-

charge at the appropriate times to prevent overloading on equipment that was having its

upgrade deferred. This is a generally fair assumption as both the time-based and load-

forecast strategies were pre-disposed to discharge during anticipated higher-load periods.

Using the energy storage to guarantee the equipment was not overloaded would add to the

validity of the study but is difficult due to the general nature of the WECC model used in

this study. The model contains no specific pieces of equipment and even if it did, the exact

power flow through that equipment is not defined until after generation dispatch takes place.

Once the dispatch has taken place it is too late for the battery to adjust its output using the

existing modeling framework. A more complex framework could be implemented where the

system is re-optimized with a higher battery output if the load at a specific node exceeds a

given value. Again, a more detailed model may be necessary to justify this extra complexity.

Given the relatively small size of the battery used in this study, the effect on LMPs

due to the battery operation was negligible. Because of this small impact, it should be

possible to use baseline (no energy storage) LMPs and linear programming (or some other

related optimization technique) to find the truly optimal operation schedule for the battery.

This completely idealized scenario would define the true upper bounds for energy arbitrage

revenue.

Also related to the size of the energy storage in the existing study, an additional study

could be undertaken where energy arbitrage is examined using a truly massive battery, one

that is guaranteed to affect prices, such as in [187]. Though it is unlikely the study would find

that the cost of the battery would be offset by energy arbitrage revenue, the networks effects

of the battery could provide insight into a future scenario where a utility scale installation

exists.
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9.2.3 Economic Analysis

Due to the simple financial analysis techniques used in this study, there are many more

complex and potentially more comprehensive techniques that could be employed in future

work. To begin with, including some of the other expected costs in the analysis would add

validity to the analysis. Expenses such as transportation, installation, operations and main-

tenance, and decommissioning have all been neglected due to lack of information. Finding

valid estimates for these parameters is a logical next step, though potentially difficult to

achieve.

The depreciation schedule used in this study is the simple straight-line schedule. A more

careful investigation of how capital assets in the utility industry are depreciated could be

undertaken though it may require expertise outside those commonly found in the engineering

community. Relatedly, the discount rate used in this study was set based on values used

in similar studies. A value that is arrived at through independent analysis would be more

useful in future studies involving these large capital purchases.

A significant limitation in performing the economic analysis is the revenue from energy

arbitrage. These revenue values are the result of the complex market/power-flow simulation

and as such, they need to be determined for every period included in the economic analysis

assessment period. For example, to determine the energy arbitrage cash flows twelve years

after the battery is installed, a simulation covering all twelve years would need to be run. As

of this writing, the time involved in simulating these longer period is not trivial particularly

given all the different cases being studied. Investigation into a closed-forn approximation

could yield tremendous savings in computation time though it should not be expected that

such a function would be easily arrived at. This is essentially a price prediction model and

would be expected to be unique for each node. It is possible a reasonable approximation

could be found.
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9.2.4 Distribution System

The study done here uses a reduced model of the transmission system and lacks the detail

of the distribution system. Given the number of applications, including upgrade deferral,

that energy storage could provide in the distribution system, simulations of this system

could produce noteworthy results. Gridlab-D, a smartgrid simulator [188], is an ideal tool

for conduction such simulations. Gridlab-D comes with distribution feeder models, models

of residential consumer behavior, and thermodynamic modeling the endogenously creating

thermal loads based on ambient temperature, structure parameters, and cooling/heating

provided. The framework for the thermal modeling of the sodium-sulfur battery (see sec-

tion 9.2.1) is already included and controlling the battery to prevent overloading of specific

equipment could be accomplished much more easily. Applications such as voltage support,

online community energy storage, and renewable integration could all be studied with a

much greater degree of validity.

Furthermore, Gridlab-D has recently added support for co-simulation with MATPOWER.

The exact method by which this is accomplished would need to be investigated but if suc-

cessfully implemented, it would be possible to endogenously determine the load for a given

neighborhood and feed this value back up to a transmission simulation as a bid into the

power market. The energy storage device could be implemented in either framework (as

appropriate) allowing for a more comprehensive examination of the interaction between the

transmission and distribution system and the effect of energy storage on each.
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