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Abstract

A practical framework for theconomicvaluation of current energy storage systems coupled
with photovoltaic (PV) systems is presented. The seltr-3 G 2 N>} 38 aeaidSyYyQa 2LISNI GA:
two different rate schedules: (1) Tird-use (TOU)Yor residential systems, and (2) R¢iahe wholesale
rates for centralized generatordNine storage technologies are considered for PV coupling, inclsding
different battery chemistrieshydrogen electrolyis with a fuel cell, compresseir, and pumpeehydro
energy storage.In addition,these technologies are assessed in the capacity of enabling a solar energy
generatorto provide a seservice requirement Concentrating solar thermal powfESTRWYith thermal
storage ipresented as a comparisdar this final baseloadscenario

Some geaeral insights were gained during the analysis of these technolodfiegas discovered
that there is a minimum power rating threshold for storage systems in a residential TOU market that is
required to capture most of the benefits. This is about 1.5fkW\a 2 kW residential PV systemit was
found that roundtrip efficiency is extremely important for both TOU and-tiaé markets, but low self
discharge rates are even more critical in réale rate schedules.It was also estimated that large
storagesystems for centralized generation woutdpture the most revenue with power rating twice
that of the storage capacity2 hours of discharge)However, due to cost limitations, actual optimal
ratios were calculated to babout 3 to 7hours of dischargéor operation in a reatime market.

None of the current technologies considered are able to economically meet the requirements
for a residential TOU rate schedule; amaly CSTP with thermal storageimpedhydro, and potentially
compressediir storageare able to offer value in a centralized r¢imhe market or a baseload scenario.
Recommendations for future research and development (R&Dbhe various storage technologies are
given. For many of the electrochemical batteries, theykfocus areas inatle cycle lifetimeas well as
energy and power costs. Roundtrip efficiency was identified as the-peiak of hydrogen systems; the
energy cost of lithiumion batterieswas found to be prohibitively expensive for energy arbitrage
applications; and the Bance of system (BOS) and power costs were identified as the main focus areas
for the larger pumpeehydroand compressedir storage systems.
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1. Introduction

¢KS 9FNIKQa Of AYLl (S al fed@per@iitd n6d poisedl o rigeAmioré than e Slegdd 2 o
from its historical average, marking the largest deviationover 10,000 yearqd1]. It has become
apparent thatthe human processes of green house §asiG) emissioand deforestation are the largest
contributing factos to this unparalleled trend. With GHG emissions already exceeding the-vasst
scenario projected by the Intergovernmental Panel on Climate Change (lECi@)mediate action is

not only required to mitigatduture detrimental effects on human society,ig a morabbligation to the

global ecosystem we are a part ofhis is thaunderlyingmotivating factor for this work.

The following figure is compiled from E€@missions projectionsby the Energy Information
Administraton (EIA) [2]; with the residential, commercial, and industrial sect@lown excluding
electricity use It can be seen that the electric power sector is responsible for approximately 40% of all

U.S. Ceemissionsand this dos not look likely to change in the near future.
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Figurel.1-1: U.S. Emissionsy Sector with Projections to 20312]

Renewable energy technologies are a beacon of hope in this grim situation. However, there are major
hurdles to the widespread adoption of mamyf thesetechnologiesti 2 Y SSiG GKS yIF GA2YyQ:
needs notably, intermittency and costThe intermittentnature of renewable energy generation arises

when the fuel sourceannot becontrolled directly. For example, solar can only produce energy when

the sun is up, and wind turbines can only operate when it is winfjthough this work looks at
photovoltaic (PV) solar generation, the principles and methods could be readily expanded to wind,

tidal/ocean, or other intermittent generation sourcesPV waschosen because it is one of the most



rapidly growing renewable energy markets in the world. From an incrgaeenetration perspective, it
becomes prudent to assess various means of controlling the intermittency, while at the same time
increasing the value of this energy service. Relevant markets and scales include residential and
centralized generation. Onlanger timescale, PV may be asked to provide a set service requirement as
renewable energy technologies are required to provide baseload generation. This thesis will look at all

three scenarios in turn.

The use of energy storage has the potential tgphsith both controlling intermittency as well as adding

value to the systemIn a timevarying electricity market (i.e. timef-use or reatime pricing), storage

can be used to shift generation from periods of low pricesjetik) to those of higher wir (peak) as
recognizecbythe5 SLI NI YSYy G 2F 9y SNH&@Qa 065h90 9y S)NEhe 9FFAO
Solar Energy Technologiesogram(SETPRlan:

Energy storage is an important element of advanced power management systems, as addingtstaraye
system has the potential to increase its val[8].

Althoughthis benefit may be the economic driving force behind the development and implementation
of energy storaget may also enable significant quantities of renewable generation on the electric grid,
as the Power Quality Systems Director for the Power Quality Products Division of S&C Electric Company,
Brad Roberts, noted:
The real benefifof storage]will come from optimizing the value of wind and solar resources by capturing
SHSYy Y2NB YS3Al gl idiG K2dzNA 2F Ot Sy SySNH4 (2 LI26SNI GKS 42
There are several methods for handling the undedeaddfects of intermittencysuch as demandide
response and/or couplingolar with other generatods This work considers thase of energy storage to
control the dispatch of centralized solar generation under the constraint of meeting a specifieeservic

requirement

1.1. Central Questiors

Utilizing energy storage wittenewablegeneration as well as to facilitate electricity grid functigrimas
been prevalent in recent literaturéthe reader is referred to many of the works cited in this thesis
Most of this work, however, looks at the benefiained(economic and environmental)y addingthe
conceptof energy strage independent of current cost aor performance metrics For example,

Bathurst and Strbac look at the value of adding energy storage to wind farms without considering the
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costs or performance of a specific storage technolfisly Their goal is to develop an algorithm to
optimize he dispatch of energy storage with wind generation, given both are already avaikatdgher
common approach is to exploeepurely mathematical framework for the optimization of an unspecified
generator with a blackox storage devicdike in the workof Bannister and Kaye where they loakaa
novel method for the rapid optimization of storage systefg Beyond pumpeéhydro [7],[8] ¢ see
section2.3.10for technology descriptiog the author has foundittle if any analysigssesisg the state

of current storage technologies in the context of being abléutly capture these benefits. Many of the
benefits reported inhesestudies are not fully realizable with current technologies, or they are limited
to niche markes. Valuable insight may be gainday looking atthe economic andtechnological
benchmarkghat future storage technologies must meet in order to make these benefits accessible to

larger markets.Thecentral questios of this work thus become

1. What is the current state of energy storage technologies in being able to capture
benefits from a residential TOU electricity rate schedule?
2. What is the current state of energy storage technologies in being able to capture
benefits from a wholesale real -time electricity rate schedule?
3. What is the current state of energy storage technologies in e nabling centralized
generation to meet a specified service requirement ?
4. What are the future technological and economic benchmarks for storage to more fully
capture the sebenefits?
Ly G4KAa&a 62NJ] = Wt I NBSNInnetteNdeSdéeriidd PV sistemsiesl hsSehtralized 6 S
photovoltaic (PV) generation (utilitycale plants) in temporal electricity rate structurdshas also been
commonpracticein recent workto optimize the charge/discharge profile of a storage devieonly
one day in advanceThis is rational ia reattime marketbecause the electricity price forecast accuracy
degrades considerably the further into the future it is projected; hence, optimizing a storage profile for
week in advancewould not make much sense.However, for residential timeof-use (TOU) rate
schedules, the price forecast is known preciséljith this in mind, an optimization method is employed
that allows for nocturnal, weekly, or seasonal energy arbitréiiype-shift of energy)to assess any
additional utiity that may be gained over theaditional daily optimization methodor the appropriate
markets However, 1 is speculated that the added cost and energy losses due to physical limitations of
the various storage devices will limit the optimization timeehe to within the realm ofeaktime pricing

forecast error limitations.

17

3N



This work aims to contribute both a novel means for optimizing energy storage investments as well as
offering a snapshot of current storage technologies in the context of being tabéamter the energy
arbitrage market on a residential as well as a centralized sdalether insights are offered as to what

future energy storage technologies might look like in order to reap these benefits more fully.
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2. Background

2.1. Review of Solar Energy

Incident solar radiation (insolation) can be harvesttt transformed into a usable energy form by

three different processesthermal capture the photovoltaic effect, odirect fuel production The first

method has been around since th& Zentury B.C, when glass and mirrors were used to concentrate

i K S s @aggyfoxstart firesandit was incorporated into passive solar building design as early as'the 1

century A.D[9]. The photovoltaic effect was discovered in 1839 by French sciédisiond Becquerel

Q) odzi AdG ol ayQild dzyGAt GKS wmdppna disdveied af2thes N ONJ
developed primarily for a very specifimiche market:the space racqd10]. Generating fuels from

sunlight, like splitting wateto yield hydrogen via artificial photosynthesis, hasebehe most recent

RSPSt 2LIYSyd Ay O LiTheNdkeftavork 5y M Piotss@ DanielNoc&rdlbibs been

very promising in this arefd 1].

This thesis will focus on the use of energy storage with photovoltaic (PV) generatioroth&hdwo

solar technologies daot lend themselves to this analgsas readily because (1) solar fuel technologies
generate their own storage by the very definition of their proc@ssncethe reason formuch of their
appeal) and (2) solar thermal technologies have already besatively successfullintegrated with
thermal storage. Recent work has been done with integratinpermal storagemedium (usually
molten salt) into concentratingsolar thermal power (CSTPR3ystems, both via government
demonstration projectg12], as well as promising new research to increase efficiency and decrease cost
of this technologyf13],[3]. A natural advantage of developing storage for CSTP is the fact that no energy
conversion $ required for thermal storageCSTP with thermal storage is used as a comparison for the
baseload scenarios looked at in the last sections of this theSm. PV, however, thenergy being
generated is in directurrent (DC) which cannot be stored diofly. Current electric energy storage
technologies convert this electricity into another medium that can be stored such as heat (thermal
storage), kinetienergy(mechanical storage), electrochemiealergy(chemical batteries), or chemical
bonds (fuels).The various technologiaglevant to this workthat exploit these processes are discussed

in Sectior2.3.
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2.2. Review of Energy Storage Markets

There ae many different potential markets available for energy storage, both for interfacing with a
generdion sourceas well adeingused directly on the gridEnergy storagapplications can be divided
into two general functions: (1) power qualif?Q) and(2) energy arbitrage.This work will focus on the
latter, primarily because the PQ market is alreaihypwing signs obeing exploited[14]. Beforethe

energy storagéunctions are broken dowrdefinitions of common energy market terms are given.

Power Quality¢ Can include frequency and voltage regulation as well as backup power in case of
outages.

Energy Arbitrage Involves the storage of energy when the price and/or demand (usually boliwjs
and then discharging/selling the energy when the price and/or demand is high.

LoadFollowingg Is the use of a storage device to match the generation profile of the grid to the rapidly
fluctuating demand profile on the endser side.

FrequencyRegulationg Is the use of energy storage to maintain the frequency within the tolerance
limits of the generators. The frequency can drop under conditions when demand increases faster than
new generation can come online.

Transmission and Distribution (D& Deferrak Involves the temporary use of a storage device to allow
the existing transmission line to operate for a longer time without being upgraded or replaced by
increasing the peakapacity of the transmission line.

TOU Cost Reductionls energy ditrage on the user side of the meter to shift consumption from
periods of high electricity rates to those of lower céshd-user energy arbitrage)

Energy storagéunctions can be beneficial when supplied along a variety of locatiorthe electricity
value chaif15].

e ) f ) (o ) ( )
Generation Transmission Distribution Consumption
uBupplement uDefer upgrades uDefer upgrades oI OU cost

current |:> wAvoid congestion |:> oload following |:> reduction
generators oFrequency aPower quality obemand charge
wbDefer upgrades regulation reduction
«Power quality
L J L J L J J

Figure2.2-1: Potential Energy Storage Benefits Along Electricity Value Chain
The basic functions shown iRigure 2.2-1 are: supplementing existing generation sources (power
quality and/or energy arbitrage), deferring upgrades of generators or transmission and distribution
(T&D) lines, avoiding congestion time transmission stage, load following (can be in the generation,

distribution, or consumption functions), and several argkr benefitd15]. Everything prior to endiser
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In addition to the economic benefits along the value chain, environmental benefits may be réetized

the use of energy stoige. It is possible to arbitrage energy such that energy from cleaner generators
(natural gas) offset the emissions from dirtier sources (coal and oil). However, it has been shown that
significant revenue losses can be observed staagesystem is opthized purely for environmental
benefit within a realtime pricing marke{16]. Of course, if a price on GHG emissions were imposed,
optimizing for economic benefits would at least partially include environmental concerns ks we
Therefore, it is simplest to think of the optimization procedure as being with respect to perceived

economic benefit, which may or may not reflect environmental effects.

Unfortunately, there are significant regulatory barriers that prevent storaglrietogies from capturing
revenue streams from many of these markets. Notably, all of the T&D functions and many of the
generation functions do not have a regulatory framework to facilitate integrationtimg rate base. A
recent report by Pike Rese&rt.LC statethis problem concisely:
Major regulatory hurdles must be met before storage can even be considered for use in some markets.
According to the newly established Electricity Advisory Council, no cohesive plan exists as to how storage
technologies will be incorporated into the grid. In addition, the current system does not credit the value of
storage across the entire utility value chain. Generation, transmission and distribution are typically viewed
discretely. The resulting challenge is ttenplete lack of a cost recovery system, and with no clear path for
cost reimbursement, most utilities have opted not to invest in energy storage. It is easier for utilities to

make investments in conventional approaches to addressing grid instabilitly, &1 natural gas spinning
reserves, as these investments are sure to be covered by the regulatory ratd bgse.

Another Bsue that the above exogt refersto is the fact that a single energy storage device is currently
unable to capture revenues from multiple services along the value chain.NBE L2 NIi 6& (KS 5h¢
National Laboratories(SNL)summarizes additional benefits of utilizing storage with renblea
generation that are not accounted for in the current regulatory framework:
Depending on where the storage is located, if it is used in conjunction with bulk renewables resources, then
the benefits may also include: 1) avoided/deferred need to builtbguurchase other generation capacity,

2) avoided/deferred need to build transmission capacity, 3) avoided transmission access charges, 4) avoided
transmission congestion charges, 5) transmission support, and 6) ancillary s¢ih8tes.

As mentioned at the beginning of this section, this work focuses on the energy arbitrage market. The
primary reason being that the PQ market has key players (ex. Beacon Power Corgadjiarho have

already enteed onto the scengwhereas the only major players in the energy arbitrage market are
21



geographically limited (pumpelydro and compressed air energy storagEnergy arbitrage also offers
the unique possibility of enabling baseload/firm generation fromeintittent renewable energy

sources, which is looked at in Secti.

2.3.  Review of Current Energy Storage Technologies

Within the framework of energy arbitrage, as discussed in the previous section, current energy storage
technologies are evaluated on their potential to serve this marRétegrayedout region ofFigure2.3-1
indicates several storage technologiethat are not appropriate for arbitrage. These include
superconducting magnetic energy storage (SME®tems flywheels (low and highspeed), and
supercapaitors. The remaining storage technologies tlcauld potentially perform arbitrage services

are electrochemical batteries, flow batteries, compressed air energy storage (CAES), and bydnped
energy storage (PHESAnother technology which is not ligdein the figure, but which is considered in

this work is electrolysis withhydrogenstorage and duel cell (H2).Each technology considered in the
analysis is described briefly in the following sections. First, however, an explanation of the dyrfamics o

energy storage capital cost is given.

Rumped Hydro
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» Flow Baftteries
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Energy stored
Figure2.3-1: Feasible Storage Application Rand&$s]
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2.3.1. A Note onStorage Capital Cost Estimation
While compiling cost information fahis work, it was discovered that estimating the capital cost of a

large storage facility can be an area of significant confysaml is rarely addressed clearly (or even
explicitly) in the literature Hence, some clarifications are made here beforedtugage technologies

are described.

Table2-1: Power and EnergyRelated Capital Costs
Capital Expenditures

BOSp | PowerRelatedBOS Cogt/kW)

BOSE | EnergyRelatedBOS Cogts/kWh)

Cp PowerRelatedStorage Cost ($/kW)

Cg EnergyRelated Storage Cost ($/kW

The balancef-system (BOS) cost is usually given as per unit poB@$4) or per unit energy BOSg),
whereasthe unit cost ofactual storage devicis given both on a power) andan energy () basis, as

shown inTable2-1. In addition,the BOS expense @dten included in the unit storage cost§.he cost of

the power control system (PCS) is often included in the capital cost estimate; however, it is kept
separate here because of the differencetire PCS lifetime and the total solaith-storage system
lifetime (see Sectiord.3.2 for how PCS cost is includedin important distinction in storage system
architectures must be addressed here. If a storage device is able to be sized for power and energy
independenty of one another, then the unit power and energy costs are given as separate components
from which the total cost must be obtained by summing over poaerd energy requirements. If,
however, the storage cell has a fixed power/energy ratio, then the @rgtgliven as a complete system

cost and either the powelnor the energy component must be used to find the total capital cost
(whichever is higher). For example, if a 1 kW / 1 kWh battmlcost $100 and the power and energy
components cannot be sizeddependently, then the unit capital cost of this device woulddiher
$100/kW or $100/kWh, and even if the storagequirementwere only 1 kW / 0.5 kWh, the battery
would still cost $100.The former system architture will be referred to as élexibleé deaidSYX | yR

latter as adfixede a@30SY FT2NJ O2y@SyASyoOSo
For flexiblesystems, theapital cost may be computed:as

Equation2-1: Total Capital Cost fdflexibleSystems
Capital = (BOSp + Cp) - P+ (BOS; + Cg) - E.

In this expressionB0S, is the balance of system cost per unit power ($/K\B).S; is the balance of

system cost per unit energy ($/kWit), is the storage cost per unit power ($/kW); is the storage cost
23



per unit energy($/kWh), P is the power rating of the storage device (K\@)d E is the energy capacity

of the storage device (kWh)This expressiotan be rewritten as

Equation2-2: Simplified Total Capital Cost féilexibleSystems
Capital =TCp - P+ TCg - E

if the total unit power costs definedasTCp, = BOSp + Cp, and the total unit energy coss definedas
TCE == BOSE + CE'

For thefixed systems, the capital cost must be calculated as:

Equation2-3: Total Capital Cost dfixedSystems
Capital = max[(Cp - P),(Cg - E)] + BOSp - P + BOSg - E.

In this expressionnax[(Cp - P), (Cg - E)] is the maximum of the power and energy costs, respectively.
Note that this expression does not lend itself to the simplification showiEqguation2-2. A summary of
these power and energyrelated costs for each technology to be analyzed is showialhe2-2 below.

Table2-2: Storage Capital Cost Summary
Storage Technology LeadAcid Lion NiCd NaS VRB zZnBr H2 CAES PHES

System Architecture Fix Fix Fix Fix Flex Flex Flex Flex Flex
PowerRelated ($/kW)
BOSp $0 $0 $0 $20 $0 $0 $0 $0 $0
Cp $250 $333 $6,00 $1,500 $700 $300 $500 $425 $600
EnergyRelated ($/kWh)
BOSg $50 $0 $92 $0 $0 $0 $0 $50 $0
Cy $150 $1,333 $600 $176 $230 $250 $15 $2 312

The entries with a zerB0S cost have already included this expenisehe Cp or C; metrics.

Taking a large, 10 MW / 85 MWh, Sodium Sulfur (NaS) battery plant as an example, the distinction
between the twosystem architectures can be illustrated. Using the proper method, where the energy
and power components of the battery cell itsalfe fixed andcannot be sized independentlgs shown
in Equation2-3, the upfront capital cost of the systemowld be

Capital = max[(1,500 - 10,000), (176 - 85,000)] + 20 - 10,000 = $15.2 M.
However, if we assume energy and power are sized independently with the same respmitivests

for eachas shown ifEquation2-1, then the capital cost would be nearly twice as much:

Capital = (20 +1,500) - 10,000 + 176 - 85,000 = $30.2 M.

24



Note that these capital costs do not include the PCS or fixed dparahd maintenance (O&M) costs,

whichare discussed in Secti@3.2

2.3.2. Lead-Acid Batteries
A schematic of the discharge and charge states of an electrochemical battery (not justcidads

shown inFigure2.3-2 below. For adadacidbattery, the oldest rechargeable batterghemistry,lead
dioxide serves as the cathode electrode, lead as the anode, and sulfuriis asiellas the electrolyte
[20].
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Figure2.3-2: Discharge (left) and Charge (right) States of an Electrochemical Bg@2éiy

The main advantages of leatid batteries are their low capital and operation costs, and high
efficiencies. However, their limited cycle and calendar lifetimes make them much less economical in

energy arbitrage applications. These qualitative charagties are summarized ifable2-3.

Table2-3: LeadAcid Qualitative Characteristics
Advantages Disadvantages
Low Capital G5t Low Cycleifetime
Good Roundtrip fiiciency | Low Calendarifetime
Low SeHDischarge

When available, key cost and performance metrics were obtained from the Sandia National Laboratories
(SNL) 2001 report on energy storage characteristics and technologies (ref¢2difliceHowever, many
other sources were utitied in an attempt to obtain the most recent informaticand for technologies

not listed in the SNL reporfThekey parametergor lead-acid batteriesare listed inTable2-4.
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Table2-4: LeadAcid Quantitative Characteristics
Parameter Value
EnergyRelated Cost | $150/kWh[22]
PowerRelated Cost | $250/kW[21]
Balance of System Co| $50/kWh[21]
Fixed O&M Cost $1.55/kWhyr [21]
Variable O&M Cost | $0.01/kWh[21]
Roundtrip Efficiency | 87.5%[21],[20]
SelfDischarge Rate | 2%/month[20]
Cycle Lifetime ~1,500[20]
Calendar Lifetime 10 yeard20]

2.3.3. Lithium-lon (Li-lon) Batteries
Lrion batteries have the same basic electrochemical architecture showiigime2.3-2 above In this

case, the cathode is comprised of a lithiated metal oxide (such as LiCoO2 or LiMO2), the anode is made

of graphitic carbon, and the electrolyis composed of lithium salt[23]. Liion batteries tend to be

most beneficial for portable frequency regulation type applications because of their excellent energy

density and much higher cycle lifetimes at lowsepthsof-dischargg>3,000 at 80% Do[23]).

Table2-5: Lilon Qualitative Characteristics
Advantages Disadvantages

Excellent Efficiencie| High Cost
High Energy Density Low Cycle Lifetimg

A summary of the qualitative characteristics is shafovein Table2-5, and the quantitative metrics

are given ifrable2-6.

Table2-6: LiHlon Quantitative Characteristics
Parameter Value
EnergyRelated Cost | $1,333/kWh[24],[22]

PowerRelated Cost | $333/kW[24]
Balance of System Co Included

Fixed O&MCost N/A[25]

Variable O&M Cost N/A[25]

Roundtrip Efficiency | ~95%20]
SelfDischarge Rate | ~3%/month[20],[25]
Cycle Lifetime 1,500[20]

Calendar Lifetime 15 yeard26]

2.3.4. Nickel-Cadmium (NiCd) Batteries
As with leadacid and l-ion batteries, the electrochemical architectufer NiCd batteries is the same as

shown inFigure2.3-2 above The NiCd chemistry has been around almost as long asalgddatteries.
They use nickel hydroxide for the anode material, cadmium hydroxide as the cathatlanaagueous

solution of mostly potassium hydroxide (small amounts of lithium hydroxide) as the electf@bjte
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Table2-7: NiCdQualitative Characteristics

Advantages

Disadvanages

Long Calendar Lifetim
Reliability

Higher Cost
Moderate Efficiencies

A summary of the qualitative characteristics is shatovein Table2-7, and the quantitative metrics

are given ifrable2-8.

Table2-8: NiCdQuantitative Characteristics

Parameter Value
EnergyRelated Cost | $600/kWh[22]
PowerRelated Cost | $6,020/kW [25]

Balance of System Co| $92/kWh[25]
Fixed O&M Cost $97/kKW-yr [25]

Variable O&M Cost | $0[25]
Roundtrip Efficiency | 74%][20]
SeltDischarge Rate | 10%/month[20]
Cycle Lifetime ~2,250[20]
Calendar Lifetime 17 yeard20]

2.3.5. Sodium-Sulfur (NaS) Batteries
Whereas most electrochemical batteries contain solid anodes and cathodes, and a liquid electrolyte;

NaS batteries @ comprised of liquid sulfur as the anode, liquid sodiumtlas cathode, and are

ASLI NI GSR 60GKS &St SOGNRTt RY. SHis sydsietn architedt®d id showh indzY A y |
Figure2.3-3. To maintain proper functioning, the liquid sulfur and sodiare kept at about 308C. This
parasiticheat requirement is responsible for the relatively high s$icharge of ~17% per d§38].
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Figure2.3-3: NaS Schemati27]
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The qualitative and quantitative characteristics are givehahle2-9 and Table2-10, respectively.

Table2-9: NaSQualitative Characteristics
Advantages Disadvantages
Good Cycle & Calendar Lifetin Fairly Expensive
Parasitic Energy Requireme

Table2-10: NaSQuantitative Characteristics
Parameter Value
EnergyRelated Cost | $176kWh [29]
PowerRelated Cost | $1,500/kW[29]
Balance of System Co $20/kW[29]
Fixed O&M Cost $9/kW-yr [30]
Variable O&M Cost | $0[30]
Roundtrip Efficiency | 76%[30],[31]
SelfDischarge Rate | ~17%/day[28]
Cycle Lifetime >3,000[30]
Calendar Lifetime 15 yeard30]

2.3.6. Vanadium Redox Flow Batteries (VRB)
A schematic of how a flow battery operates is showrrigure2.3-4. A liquid electrolyte is stored in

external tanks ands pumped into reaction stacks (fuel @®lithat converts the chemical energy into
electricity (during discharge) or electricity into emical energy (during chargf9]. An advantage of
flow batteriesover conventional batteriegs that the energy capacity (as determined by the volume of
electrolyte and size of the storage tanks) can be sized independeauntiy the power rating (as

determined by the size of the reaction stacks).

Electrolyte Electrolyte

e LT

_( Power Soun:efLoad)—' Punp

Figure2.3-4: Flow BatterySchematid32]
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Another advantage is thatithough the reaction stacksf VRBsequire replacement every 1,000 cycles
or so, this is only a fraction of the entire system co$B8#5/kW) and most of the system will continue
to operate for the lifetime of a PV arrd9]. Refer toTable2-11 for a summary of the qualitative

characteristics, an@able2-12 for the quantitative metrics.

Table2-11: VRBQualitative Characteristics

Advantages Disadvantages
Energy and Power Sized Independer] Mechanical Complexity
Good Efficiencies Moderate Parasitic Losses (due to pum
Long Lifetime of Electrolyte/Tanks

Table2-12: VRBQuantitative Characteristics
Parameter Value

EnergyRelated Cost | $230/kWh[29]
PowerRelated Cost | $700/kW[29]
Balance of System Co| Included

Fixed O&M Cost $4/kW-yr [29]
Variable O&M Cost | $0[29]
Roundtrip Efficiency | 85%[29],[33]
SeltDischarge Rate | 7.5%/month[31]
Cycle Lifetime 1,250[29]
Calendar Lifetime 12 yeard29]

2.3.7. Zinc-Bromide (ZnBr) Flow Batteries
The operational characteristics of a ZnBr flow battery is the same as shduguie2.3-4. Although the

efficiercies are slightly below that of VRB, ZnBr flow batteries have a lower cost and at least one major
manufacturing company (Premium Power, located in North Reading, MA) claims unlimited deep cycling
capability. The company is very secretive about their ragtdowever, and no justifications are given

for this claim[24],[34]. Since a source could not be found trethtes2 § KSNB A &aSX t NBYA dzYy
numbers were assumed accurate for the purposes of this analysisummary of the qualitative and

guantitative metrics are given ifiable2-13and Table2-14, respectively.

Table2-13: ZnBrQualitative Characteristics
Advantags Disadvantages
Low Cost Moderate Efficiencie
Excellent Lifetime
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Table2-14: ZnBrQuantitative Characteristics

Parameter Value
EnergyRelated Cost | $250/kWh[24]
PowerRelated Cost | $300/kW[24]

Balance of System Co| Included

Fixed O&M Cost N/A[21]
Variable O&M Cost $0.004/kWh[34]
Roundtrip Efficiency | 75% [35]
SelfDischarge Rate 13.5%/month[31]
Cycle Lifetime Lifetime[34]
Calendar Lifetime 30 yearq34]

2.3.8. Hydrogen Electrolysis with FuelCell (H2)
There are three key processes of a hydrogen storage system: electrolysis which uses electricity to

produce hydrogen from water, storage of the hydrogen (many different forms/states can be used), and
the use of a fuel cell to generate electricftpm the stored hydrogen when it is desired schematic of

how the fuel cell functions is shown Kigure2.3-5. As with flow batteries, the energy and power
ratings can be sized independently for a H2 system. However, the roundtrip efficiency is considerably

less than flow batteries.
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Figure2.35: Hydrogen Fuel Cell Schemafti]

A summary of the qualitative and quantitative metrics are givenTable 2-15 and Table 2-16,

respectively.

Table2-15: H2Qualitative Characteristics

Advantages

Disadvantages|

Low Energy Cos
Good Lifetime

Low Efficiencies
O&M Cost
Complexity
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Table2-16: H2Quantitative Characteristics
Parameter Value

EnergyRelated Cost | $15/kWh[21]
PowerRelated Cost | $500/kW[21]
Balance of System Co| Included[21]
Fixed O&M Cost $10/kW-yr [21]
Variable O&M Cost | $0.01/kWh[21]
Roundtrip Efficiency | 59%[21]
SelfDischarge Rate | 3%/day[20]
Cycle Lifetime Lifetime[21]
Calendar Lifetime 17 yeard21],[25]

2.3.9. Compressed Air Energy Storage (CAES)
CAES technology has beeommercially developedgince thelate 1970s, but there is only one CAES

facility in the U.S., which has been operating since 1991 in Mcintosh, Alal2@inaThis is the only
storage technology considered which has a fuel cost associated with its operdtican. CAES system,
electricity is used to compress air during the charge cycle which is then re|dassdd in an expansion
chamber with natural gasand used to drivecombustion AQurbines during the discharge cycle (see
Figure2.3-6).

The variable cost associated with the use of natural gas during the discharge cycle can be computed

from the following relationship:

Equation2-4: CAES Variable Operation Cost
Fuel Cost ($/MMBtu) - Heat Rate (Btu/kWh)

1,000,000 (Bt/y 11 0, )

Assuming a fuel cost of $3/MMBtu and a heat rate of 4,000 Btu/k2%h this equates to a variable

Variable Cost ($/kWh) =

O&M of $0.012/kWh. An interesting characteristic of CAES plants is thdttines more energy is
released during the discharge cycle than is spent in the compression stage. This is because of the
addit A2yl f SySNHeé& FNRY GKS yliddzNIf 3l ao I &AYLX AT,

roundtrip efficiency of 85%, which accounts for the use of the fuel in the operational[2@¢le
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Not to Scale
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Figure2.3-6: CAES Schemafi29]

For large CAES plants, it is most economical to store the compressed air in large underground caverns
(salt caverns, rock caverns, or porous rock formatid2®]. The costs/metrics listed in this work

correspond to CAES in salt caverAdthough somewhat geographically limited, CAES may still be viable
for over 80% of the United Statg29].

technology are shown ifiable2-17 and Table2-18, respectively.

The qualiative and quantitative characteristics of this

Table2-17: CAERualitative Characteristics
Advantages Disadvantages
Low Cost Geographically Limiteq
Good Efficiencies
Excellent Lifetime

Table2-18: CAERuantitative Characteristics

Parameter Value
EnergyRelated Cost | $2/kwWh[29],[21]
PowerRelated Cost | $400/kW[29],[21]
Balance of System Co| $50/kWh[21]
Fixed O&M Cost $1.42/kWHyr [21]
Variable O&M Cost | $0.012/kWh [29]
Roundtrip Efficiency | 85%[29]
SelfDischarge Rate | 0%[21]

Cycle Lifetime Lifetime[21]
Calendar Lifetime 30 yearq21]

2.3.10.Pumped-Hydro Energy Storage (PHES)
In PHES, the potential energy contained in an elevated body of water serves as the energy capacity.

Generation and pumping can either be accomplished by simglereversible pumgurbines, or by

separate pumps and gerators [21]. Water is pumped from a lower reservoir up tbe elevated
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reservoir during the chamcyde, and is released back down to the lower reservoir during digghésee

Figure2.3-7).

This technology has been in development since the 19205 The qualitative characteristics are the

same as for CAES and are showhahle2-19. The quantitative metrics are givenTiable2-20.

2.4.

Discharge

Main Access Tunnel
7Surge Chamber

Powerplant Chamber

Breakers

Transformer Vault

Figure2.3-7: PHES Schemafig6]

Table2-19: PHERualitative Characteristics

Advantages Disadvantages
Low Cost Geographicallyimited
Good Efficiencies
Excellent Lifetime

Table2-20: PHERuantitative Characteristics

Parameter Value

EnergyRelated Cost | $12/kwWh[21]
PowerRelated Cost | $600/kW[21]
Balance of System Co| Included
Fixed O&M Cost $3.8/kWHyr [21]
Variable O&M Cost | $0.0038/kWh[21]
Roundtrip Efficiency | 87%][21]
SelfDischarge Rate | 0%][21]
Cycle Lifetime Lifetime[21]
Calendar Lifetime 30 yearq21]

Description of Case Studies

In order to assess the value of adding enestprage in arbitrage applicationthree case studies were
O2y G SEG 27 AithtedE&NIudes ad |Scatétdse toBlythe,

California, so that the level of incident solar radiation (insolatimould be consistent throghout.

chosenwithin (i K S

Blythe is also desirable becauaéocal utility companySouthern California Edison (SGifers a TOU
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rate schedule. For the realtime pricing ratesan average across the California Independent System
hLISNF G2NRa 6/ ! L{ho SYGANBE NBIAZ2Y ¢ a dza&knal ¢ KS

datasets.

2.4.1. Insolation Data
Theinsolation data for Blythe, CAvere obtained from the National Solar dkation Database (NSRDB)

as provided by thé&ational Climatic Data Center (NCD®)jchard Perez, at the State University of New

York in Albany, resolved highsolution satellite data (10 km grgfjuares)into both global and direct

insolation components Global insolation datare used for the PV simulations because the photovoltaic

effect occurs with both direct and diffuse solar radiatiamd the direct insolation data are used for the

baseload concentrating solar thermal power (CSTP) simulatidiis insolation data can be publicly
R2gyt2FIRSR FNBY GKS DblaA2ytf hOSFYAO YR 1:1Y2aLIK:E
[37]. In an attempt to simulate the average value of adding storage to a PV system, data f8Gm 19

2005 were averaged to obtain a typical yeafThis insolation dataset, along with the electricity rates

described below, is plotted for July.& Figure2.4-1.

Hourly generationwas computed fromthis hourly insolationdata by multiplying the insolation for a
given hour ¢ (h) in Wh/m?) by the peak watt rating of the systerivg), and dividing by ,000 W/nt,
the global Air MassAM1.5) constan{38]:

Equation2-5: Solar Energeneration
®(h) - Wp

Generation = m

2.4.2. Pricing Data
The reaitime hourly location marginal pricing (LMP) datsere obtained from the CAISO public

download site listed in the bibliography under this citatif@®]. The picing dataetfor 2008 was used,
as this was the most recent complete dataset at the time it was retrievi@idce 2008 was a legear,
pricing data for February 39were removed from the dataset so that thémestamp would match the
hourly insolation datgwhich omitted data from the leagears of 2000 and 2004 before averagings
seen inFigure2.4-2, the bulk of wholesale electricity prices are in the range @fLD ¢/kWhwith only a
handful of pealprices on the order of 2% 40 ¢/kWh. Thereforethe value of energy arbitrage lies
within shifting as much generation as possible from the bulk hours to the relatively fewppieak
hours. The TOU ratechedule for SCE has both a tiokday (TOD)and a seasonal variationThese

distinctions are showin Table2-21. This rate schedule was obtained from the SCE utility company
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Table2-21: SCE TOU RaSzhedule

Season / TOD

Electricity Price

Winter OffPeak
Winter Peak
Summer OffPeak
Summer Peak

17.59 ¢/kwWh
21.24 ¢/kWh
18.44 ¢/kWh
36.06 ¢/kWh

Insolation (Wh/my)

Average Insolation

Insolation and Rate Schedules for July*

= « TOU Rate Schedul

RealTime Rate Schedul

1200
1000 -
800 -
600 -
400 -
200 -

12:00 AM

1:00 AM

2:00 AM
3:00 AM
4:00 AM
5:00 AM
6:00 AM
7:00 AM
8:00 AM
9:00 AM

3:00 PM
4:00 PM
5:00 PM

6:00 PM

7:00 PM

8:00 PM

9:00 PM
10:00 PM
11:00 PM

$0.40
$0.35
$0.30
$0.25
$0.20
$0.15
$0.10
$0.05
$0.00

Electricity Price ($/kWh)

Figure2.4-1: Insolation and Electricity Pricing Dafar July 1%
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Histogram of Real-Time Electricity Rates
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Figure2.4-2: RealTime Rate Schedule Histogram

2.4.3. Load Data
For the last casstudy, solaiwith-storage systemsvere evaluated within a baselaageneration role.

This wassimulated by requiring the generator to meet a specific demand profile. The demand profile
gl a OFfOdAgZ ISR o6& alOlFtAy3a /! L{ hQaTheknduwigNsystem foadl R 0 &
RFGF 6SNB 200l AYySR FTNRBY [/ ! L{ prévibusly,Jdndl fcan Be dRcessedf 2 I R

under this reference39].
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3. Modeling Methodology

The lifetime cosbf a storage deviceften depends on how it is operated-or example, the frequency

and depth to which a storage device is chad@gnd discharged will often dictate the operational lifetime

of the device; and therefore the lifetime cost due to the requirement of additional capital purchases.
Financial dynamics such as these are why the NPV calculation was kept separate frorintizatgn
procedure. The resultingwo-step process is outlined in detail in Secti@nl.l, and the steps
themselves are described in Sectidh8.1and 3.3.2 In addition, throughout lhis work the residential

and centralized scenarios operating within temporal rate schedules are treated separately from the

centralized scenarios operating as baseload generators (meeting a specified service requirement).

As a consequencehis section iglivided into four main components: first, the temporal rate schedule
A0SYIFNR2aQ 2062S00GA0BS FyR O2yiNRf OIFNRARFIO6fS& I NB
senarios. Next, the two steps tie optimization procedure for the temporal scenasiare discussed,

followed by the two steps of the centralized baseload scenarios.

3.1. Temporal Rate Schedules

3.1.1. Objective Function
For all the temporal rate schedule scenarios (residential TOU and centralizetihrelthe ultimate

objective is to maximize the net present value (NPV) of the storage investment.

The optimization problem can readily be set up as a linear programming (LP) model if the energy and
power limits are treated as independent variables. In other words, the storage optimizatioadure

will vary the energy capacity and power rating of the storage device and calculate the maximum
dispatch profile for each configuration. In this manner, the optimization procedure can be set up as a
two-step problem (1) solving for the optimaltsrage dispatch given electricity prices, certain efficiency
limitations, and varying the energy and power constraints on the storage device and (2atiadcthe
objective function (i.eNPV of each storage solution to find the optimal configuratiovnegi the financial
characteristics. In this respethe outputs of the first step (dependent variables) become inputs to the
second (independent variables)The objective function of step one tis maximizethe total revenue

observed from the dispatch pfile. In step two, this objective function (revenue), along with the
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corresponding dispatch profile, issed to calculate thé&PV of the storage device over the operational

lifetime of the PV system.

3.1.2. Control Variables
For the temporal rate schedule sceias, the dispatch profile is optimized iteratively with the power

and energy capacity of the storage device being set at different le\féls.control variables that can be
fine-tuned by the optimization procedure tmaximizerevenues are on an hourly bis throughout the
entire year. These include the energy being sent to storage, the energy being used directly, and the
energy being discharged from storag&€he variableshat are fixed versushose that @n be controlled
during this optimization procagte are shown iTable3-1.
Table3-1: Fixed and Control VariablesTemporal Rate Schedule Optimizatio

Fixed Variables Control Variables
Storage Efficiencies Hourly Energy Used
Storage Energy Capaci| HourlyEnergy Stored
Storage Power Rating | Hourly Energy Discharge

Hourly Generation
Hourly Electricity Priceg

3.2. Baseload Generation

3.2.1. Objective Runction
For the utilityscale baseload scenarithere are two cases considered: (1) an agreement between the

utility and the solar generator in which the generator must dispatch only the requested demand, and (2)
an agreement in which the generator musieet the service requirement but may also sell additional
generation into the wholesale markeBoth cases require the solarith-storage system to be optimized

for meeting the requiredlispatch profile; herefore, the objective function is to minimize thatal cost

of the solarwith-storage system. For the first caghe optimization problemends herebecause the
revenues are set by the dispatch requirement. However, for the second case, the generator has the
option of dispatching additional energy almand beyond the service regament. It is important to

note that if the solarwith-storage systenwere allowedto sell additional energy into the wholesale
market, and the goal was to maximize revenues, then there would be no dggperd on the sizef the
system (the larger the system, the larger the profits). Therefore, in order to incorporate the costs of the
solarwith-storage system, revenues are only maximized within the system size determined by the
service requirement optimization proceduré-or both cases, this allows assessment of the lifetime cost

of a storage devicmeededto enable meeting a particular service requirement, while minimizing the
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entire upfront capital cost of the solavith-storage system.Theservice requirementsre defined by

different demand profiles, whichare discussed in Sectioh3.

3.2.2. Control Variables
For the first step of the baseload optimization procedubhe fixed variables include the unit costs of the

solarwith-storage system, the efficiencies, the required demand profile (service requirement)a and
normalizedgeneration profile. The insolation data discussed in Se@idtil was normalized to a 10

MW plant, and the actual generation during the optimization process was scaled by multiplying this
profile by a variablefactor until the desired otput was reached. The control variables make up the
system size, including the energy storage capacity and power rating, and the solar multipliee(i.e.
previously mentioned factor, which dictatebe PV array or CSTP field size). These metrics are

sumnmarized inTable3-2.

Table3-2: Fixed and Control VariablesBaseload Generation Optimizatiog Step 1

Fixed Variables Control Variables
Storage Efficiencies Storage Energy Capaci
Storage Power Cost Storage Power Rating
Storage Energy Cost Solar Generator Size

Solar Generation Cost
Hourly Service Requirement
Relative Hourly Generation Profi

Step 2 is the same as that described in Sec8dn2 for the temporal rate schedules. Thanergy
storage capacity and power rating, as well as tlourly generationdeterminedin the first step now

become the fixed variableshown inTable3-3.

Table3-3: Fixed and Control VariablesBaseload Generation Optimizatiog Step 2

Fixed Variables Control Variables
Storage Efficiencies Hourly Energy Used
Storage Energy Capacity | HourlyEnergy Stored
Storage Power Rating Hourly Energy Discharge

Hourly Service Requireme
Hourly Generation
Hourly Electricity Prices

3.3.  Temporal Rate Schedule Model

3.3.1. Step 1:Storage Dispatch OptimizatiorModel (GAMS)
The inputs and outputs of the LP model are summarizdabie3-4 below.
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Table3-4: Inputs and Outputf LP Optimization

Inputs (Parameters) Outputs (Variables)
p(t) | Price of Electricity ($/kWh) discharged(t) | Energy Discharged fronidBage (kWh)
g(t) | Electricity Generation (kWh) used(t) Energy Used Directly (kwh)

n | Roundtrip Efficiency dbtorage (%) | storageLevel(t) | State of Charge of Storage (kWh)
d | SelfDischarge Rate of Storage (%/| stored(t) Energy Sent to Storage (kWh)

Sy | StoragePowerLimit KW) totalR Total Revenue (objective function)
S | StorageEnergyLimit KWh)

The total revenue R), which is theobjective function to maximize, can be writtes

Equation3-1: Revenue Objective Function
R = Z(discharged(t) + used(t)) -p(t)
t

where t represents the hour within the optimization timeframéjscharged(t) is a vector of energy
values in hour that are discharged from the storage deviesed(t) is a vector of energy values in
hour t that are used directly from the PV systefgent to the load/grid), andy(t) is the price of
electricity in hourt. The energy being used can be related to the energy sent to stasagesd(t), in
the following constraint:

Equation3-2: EnergyGenerationConstraint
g(t) = used(t) + stored(t)

where g(t) is the energy generated from the PV system in houm other words, the energy generated
in a given hour must either be used directly, or sent to storage. The energy beinggestima given
hour is subject to an energyalance equation that takes into account the statiecharge, roundtrip
efficiency, and the selflischarge rate of the storage device:

Equation3-3: EnergyDisctargedConstraint
storageLevel(t) = storagelLevel(t —1) - (1 — d) + stored(t) - n — discharged(t).

In this constraintstorageLevel(t) is the amount of energy remaining in the storage device dftaur
t, d is the hourly sH-discharge rate of the storage device, ands the roundtrip eficiency of the

storage device. The storage capacity and poweitations must also be imposed as follows:

Equation3-4: Capacity Limit @nstraint
storageLevel(t) < Sg

and

Equation3-5: Power Limit Constraints
discharged(t) < Sp
stored(t) < Sp.
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In these expressionsy is the capacity limitation of the storage device in kWh, &pds the power
rating of the device in kW.Note that this assumes the storage device has the same charge and

discharge rate limit.

Storage optimization models often include an explicit comist that energy may not be charged and
discharged at the same time. This is a logical operati@sdfiction; however, implementing it is both
inconvenient and unnecessary. Inconvenient because it would transform the model into-linean
problem (NLP) because of the conditional nature of the constraint [i.ehargingthenR2 y Qi RA & OK I NZI
which is most readilgxpressed by setting the product of the changed and discharged energy in every
hour equal to zero. Unnecessary because the model eilenchoose to charge and discharge at the
same time so long as the objective ftina isto maximize revenug This is because there is always an
efficiency sacrifice associated with sending energy to the storage device. Therefore, the model would
only loose revenues by cycling energy through storagihin a single hourwhen it couldsimplyuse it
directly in that hour. This condition has been tested with several different scenarios, and it has been
found that the optimal solution never charges anddhiarges at the same time, even without this
constraint explicitly imposed. This constraint was also found to be unnecessary for the-gigp
optimization process for the baseload generation scenarios, even though the objective function of the

first stepis system cost, not revenues. This is discussed in secdadh

In addition to these energialance constraints on the operation of storage with the PV system, a lower

bound of zero is imposed on each metric:

discharged(t) > 0
used(t) > 0
storageLevel(t) = 0
stored(t) > 0

The parameters of this optimization problem are constructed in MATLAB, after which they are sent to
the General Algebraic Modeling System (GAMS) software package for evaluatidkpfmralixl-a for
the GAMS code used).

Using this simplified optimation model, it is possible to calculate the absolute maximum value of
adding a storage device to a PV system within a-hangying price market. Since the model is linear,

GAMS is able to quickly solve for the optimal storage dispatch for an entiratadime.
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3.3.2. Step 2:Storage Financial Model (Excel)
A list of the required inputs for thénancialmodel is shown inTable3-5 below. For a list of these

parameters for each storage technology, pleaseSeetion2.3.

Table3-5: Financiallnputs
Updated Inputs Storage Characteristics
De | First Year Discharged Energy (kV] Cg Capacity Cost ($/kwh)
DoD | AverageDepthof-Discharge (%) Cp Power Cost ($/kW)
Cy | Average Cycles per Year (Cycles] BOS | Balance oSystem($/kWh or $/kW)

S | Req. Capacity (kWh) 0&M;. | Fixed O&M ($/kWyr)
Sp | Req. Power (kW) 0&M,, | Variable O&M ($/kWh)
Lpy, | PVSystemnLifetime (years) Ly Storagel.ifetime (Years)

L¢, | Lifetime at 100% DoD (Cycles)
¢KS LI NIYSGSNBR Ay (GKS fSTih 0O2tdzvy oa! LIRFGSR Ly Ld:
application (except for the PV system lifetin®e) | YR GKS LI N} YSGSNAR Ay (GKS

/| KI N> OGSNRaiGtAOCaéy ySSR G2 6S dzZJRFGSR FT2NJ S OK ai:

determinedfrom the optimization model described Bection3.3.1

An important assumption is made for electrochemical batteries, that the actual cycle lifetime of the
storage device is proportional to the average depfidischarge.The following figure (from Ibrahim, et

al.[19]) demonstrates this relationship for leatid batteries:
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Figure3.3-1: DoD vs. Cycle Lifetime for Ledtid Batteried19]

Using this relationspi and the initial condition of 1,500 cycles at 100D [20], the following

extrapolation was made:
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DoD vs. Cycle Lifetime for Lead-Acid Batteries
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Figure3.3-2: DoDvs. Cycle Lifetime for Leadcid Batteries Extrapolation
This curve has the general form

Equation3-6: Effective Cyclé.ifetime

— LCy
ELcy = DoD - (5/6) + 1/6

where EL,, is the effective lifetime cyclocapacity of the storage device atspecifiecaveragedepth-

of-discharge PoD), andL, is the cycling lifetime at 100%oD. Due tothe difficulty of obtaining a
similar specific relationship for the other storage technologies, this same defoena was adapted to
the other electrochemical batteries by updatirig, for each technology.Once the effective lifetime
cycling capacity is knaw the number of capital purchases required feach storag device can be

approximated by

Equation3-7: Number of Required Capital Purchases
Cy-Lpy Lpy

N, = ,
c max[ Ele, ' Ls

where Cy - Lpy is the total cycles required of the storage devigeer the entire PV system lifetime (a
system lifetime 630 years is used for these analy$43],[41]). Note that each of these ratiashould be
rounded up to the nearest integer, because only whole capital purchases are allowed (cannot buy half of
adevice).

43



The calculation of capital cost per device was described in Seoh and given irEquation2-2 and
Equation2-3.

The power control system (PCS) required for many storage devices to convert the DC output to AC
before interfacing with the load is treated as a separate cashflow in this analysis. Thdobdbis
decision is the difference in timescales between the storage device lifetime (which is variable under
operational conditions) and the invert¢PCS) lifetime (which is assumed to be constaimtjebasePCS
cost isassumed to b&230/kW for a mature (not firstof-a-kind) 1 MW systen(29], and a lifetime of 7
years is usef?], [43]. It has been estimated that the PCS expense scaledimearly with the system

size according to the following relationsHg®]:

Equation3-8: Scaled PCS Cost
-0.2

Sp
PCS = PCSpqse * (1 ooo)

where PCSy,.s. is the base PCS cost of $230/kdlid S, is the power rating of the storage deviaekW.

The operation and maintenance (O&M) expenses are assessed on a yearly basis. There are two types of
O&M costs: fixedd&M;) and variable@&M,). Fixed O&M costs are in units of $/kM'r year andare
based on thetotal power rating of the storage system. Variable O&M costs are in $/kWh of cycled

energy through the system. For any given year, the O&M expense can be calculated as:

Equation3-9: O&M Cost
8760

0&M(y) = O&Mg - S, + 0&My, - Z discharged(t)

t=1
where 0&M(y)is the annual O&M costs, is the storage power rating, anthe summation of

discharged(t) is thetotal energy discharged from the storage devieer theentire year.

The financial model must also consider the time value of money. widsaccomplished by discounting
the cashflowsonanannuall A& o6& | NI GS O2yaraaSyid oA GkKk 0KS
investments. Fothis work, a rateof 10%wasassumed44]. The NPV of thatorage investment then

becomes
Equation3-10: NPV Calculation
T
NPV = —Capital +Z fy
= —Capita —_—
PR T L+ )
y:
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where Capital, is the initial @pital investment in year zer(seeSection2.3.1), T is the lifetime of the
solar generator in years, is the net cashflow at the end of yegar andr;, is the appropriate discount

rate. F, is assessed for each year by the follogvrelationship:

Equation3-11: Annual Cashflow Relationship
F, = Savings(y) — (O&M(y) + Capital(y) + PCS(y))
where Savings(y) is the amount of money saved annually by the addition of the sferdevice,
Capital(y) is the storage device replacement cost each year (this is equal tdareyearsin which the
storage device does not need replacemeseeSection2.3.1for the calculationy and PCS(y) is the
power control system replacement cost (also equal to zero for ygavghich the PCS does not need
replacement).Anillustrativeexample of the cashflows generated by the Excel financial model is given in

Appendixll for a fictitious leaeacid battery configuration.

3.4. BaseloadGeneration Optimization Model

For the baseload scenario, the storage financial model is exactly the same as that descBil3e2| and
will not be repeated here. This section describes the differences of the system size and storage dispatch

models from the model described in the previous section for temporal rate schedules.

3.4.1. Step 1: System Size Optimization (GAMS)

Table3-6: Inputs and Outputs of System Size LP Optimization

Inputs (Parameters) Outputs (Variables)
d(t) Service Requirement Profile (kwWh)| S, | StoragePowerRating kW)
g(®) Electricity Generation (kWh) Sy | StorageEnergyCapacity KWh)
n Roundtrip Efficiency of Storage (%) M | Generation Multiple (unitless)

d SelfDischarge Rate of Storage (%I
P, | StoragePowerCost ($kW)
T..sc | Turbine Power Cost ($/kW)
E ot StorageEnergyCost ($kWh)
PV, | PVGeneration Cost ($/kWp)
CSTP,,.. | CSTP Field Cost ($/kWp)

Thesystem size optimization model has all of the same operational constraints as the model described
in 3.3.1 The main differences lie in the additional constraint of meeting the service requiremiént,
andwith the objective function. As discussed in seco®.l, , the objective function is to minimize the

total cost of the solawith-storage system, while still being able to meet the service requirdmeéor a

P\Afwith-storage systenthe service constraint can be defined as:
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Equation3-12: PVService Requirement Constraint
discharged(t) + used(t) = d(t)

and for a CSTHRith-storage system, this is written as

Equation3-13: CSTFService Requirement Constraint
turbineOutput(t) = d(t).

The objective function to minimizéor a PV systenfthe total upfront cost of the solawith-storage
system) can be written as

Equation3-14: PVSystem Size Optimization Objective Function
Cost = P,y *Sp+ Eppst * Sp + PV o - M - 10,000

where P,,,; is the unit power cost of the storage devic®, is the power rating of the storage device,
E st 1S the unit energy cost of the storage deviSg,is the energy capacity of the storage deviB¥,;
is the unit cost of the PV array, aMlis the generation multiple. df CSTP systesnthisis writtenas

Equation3-15: CSTP System Size Optimization Objective Function
Cost = T,p - Tpower T Ecost + Sg + CSTP 45 + M - 10,000

whereT,, is the unit cost of the turbie, T, iS the power rating of the turbine, an@STP,,; is the
unit cost of the concentrating solar fieldhe factor of 10,000 is to scale the solar multiple up to the 10
MW generation pofile it was calculated with. The unit costs ofthe PV system(PV,,..), CSTP field
(csTP,,.), and CSTP turbin&,,,,) are shown inTable3-7 along with their references.

Table3-7: Solar Generation Unit Costs
Metric Value
PV, | $3,500/kW[45]

CSTP,,., | $2,381/kW[46]
T.. |$560/KW[46]

As with the LP model for optimizing revenussection3.3.1), the explicit inclusion of the restrictiomn

charging and discharging at the same time is unnecessary. Since the first step of the optimization

procedure is allowed to shunt energy (thratvaway instead of sell it or send it to storage), the model

may always choose this instead of charging and discharging at the same time. Whether or not it actually

does isirrelevant ¢ the point is thatafter the service requirement is met, excess enevgl never

increase the siZeost of the total system, because it can always be thrown away for free. Therefore, the

resulting size/coswill always befor the smallestsystemcapable of meeting the service requirement.

The concern thus becomes whether not the system isoo small to function realistically in a rekfe

F LILIX AOF A2y ® Ly 20KSNJ g2NRaAX Aa (UKS akKdmghiasy3d 27
46



would be the case if thesolarfield generated more energy than could be diggeed with the given
storage size and power constraé® Indeed, if the model converged on such an infeasible solution, one
of two outcomes would occur within the second optimization step described below: (1) There would be
no solution to the optimizatiorgiven the system size constraints in the first step, or (2) the system
would charge and discharge at the same time in an attempt to shunt energy, even though the objective
function is to maximize revenue. Both of these cases are simple to verify, anthdlre been for all of

the baseload scenarios without a single violation.

The GAMS code used for tHisst optimization stepfor a PV system and a CSTP sys®mshown in
Appendixi-b andI-d, respectively.

3.4.2. Step 2: Storage Dispatch Optimization Model (GAMS)
Thisoptimization model is the same as that described for the temporal rate schedul&$.ih except

for the additional constraint of meeting the service requirement. Tisstraintis shown inEquation
3-12 and Equation3-13for PV and CSTP systems, respectivéhis optimization code can be found in

Appendixl-candl-g, for a PV and CSTP system, respectively

3.5. Integration of Models (MATLAB)

MATLABw~as used as the interlacing wébr glue for all the separate components; tying together the
different optimization steps, input files, financial models, and processing the results for graphic display.
The simulations were divided into two magroups: the temporal rate schedule scenarios, and the
baseload generation scenarios. The function of the MATLAB code within each one of these groups was
to organize the inputs and outputs of all the relevant optimization and financial modgilsce thes
functions are not vital to the methodology of this thesis, details are not presented here. The reader is
referred to Appendixlll for the tempord rate schedule codeand AppendixIV for the baseload

generation code.

3.6. Model Limitations

An important limitation of the scenarios discussed in thissis liesin the underlying assumption that
the storage device is only able to be charged from the PV array. This is not an unreasonable assumption
(asoutlined below), but does eliminate the option of charging the storage device from the grid during

low-demand hours (when the price of electricity is the lowest), and discharging this additional energy
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during the peakhours. This potentially offers an additionalvenue stream for a storage device, but is

not considered in this work because:

¢ In the nearterm, there are currently no regulations or interconnection standards for a device
that would be both consuming and producitaggeamounts of energy, whereas PV with storage
acting solely as a generator is able to be integrated into the system today.

e Allowing the storage device to charge from the grid eliminates the need for a generation source
which, in this case, negates the pogitienvironmental and social benefits of utilizing PV.

e At higher levels of penetration, even if the PV system is utilized to offset emissions from
marginal generators (gas peakers), charging the storage device when the price is low would
increase the demandor baseload generation (coaby increase firing of marginal generators

(gas) Again, this would mitigate the positive benefits of utilizing PV.

Another important limitation of this optimization procedure is the nimelusion of cycle control of the
storage device. A potentially useful strategy could be to oversize the storage device but limit the depth
of-discharge, or even the total number of cycles, such thatogpperationallifetime of the storage device

is prolonged and thereby decreasing ttodal cost of the device. To include these parameters into the
optimization would require aiscretenonlinear model (DNLP) because of the discontinuous response of
lifetime cost with respect to number of cycles vs. calerifatime asmentioned inthe introduction of
Section3. Using suclka DNLP modelvould make it very chafinging to achieve convergence arunique

optimal solution.
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4. Model Resultsz Case Studies (CA)

Three scenarios are analyzed for each of hidentified storage technologiesAll scenarios are located
close to Blythe, CA, which has very good insolation as well as the desired rate schEduleachof the
temporal rate scheduleases, an optimalstorage capacity and power ratingasidentified along with

the corresponding net present value (NPV) of the storage investm&rgummary of these metrics can
be seen inTable4-1. For many of the storage technologies, a zero NPV is repoifed.the temporal
rate schedule scenarioshis means that the investment of any storage size/power would result in a
negativereturn on investment, and therefore no investment should be méide money is lost over the
lifetime of the system with that particular storage investmeniNote that the residential scenarios are

in units of kW, kWh, and dollars; whereas the centralizesults are reported as MW, MWh, and

millions of dollars.Also, negative NPV values are shown in parenthesis.

Thermal storage is only applicable for CSTP systems within the baseload generation sdeeauilts

are summarized for two specific servicequirement profiles for the baseload scenarios. The first
service requirements a base case scenario such that all storage technologies may be conopared
providing a common serviceThis common service requires the seldith-storage system to provéd
load-matching between the hours of 9:Giim and 9:0Qbm (12 hours).The second service requirement
profile is optimized to maximize the return on investment (or minimize cost) for each storage
technology. For these scenarigs negative NPV means thalding storage to raet that specific service
requirement would subtract from the total return on investment of the system as a whillete that

this doesnot mean that the system as a wiols not a desirable investmenflo determine this, the
financialsof the entire solaiwith-storage system would have to be assessed over the lifetime of the
project, which is out of the scope of thisthesis i a K2dzZ R 6S y2GSR GKI{G GKS al

thermal storage refers to the turbine size, not the theal storage power rating.

49



Table4-1: Summary of Results with Current Technologies

LeadAcid| Lilon | NiCd NaS | VRB | ZnBr H2 CAES| PHES|Thermal
Residential TOU
Power (kW) 0 0 0 0 0 0 0 0 0.5 N/A
Energy (kWh) 0 0 0 0 0 0 0 0 12 N/A
NPV §) $0.00| $0.00| $0.00| $0.00| $0.00, $0.00| $0.00| $0.00| $3.89 N/A
Centralized Realime
Power (MV) 0 0 0 0 0 0 0 6.00| 8.00 N/A
Energy (MVh) 0 0 0 0 0 0 0| 22.00| 60.00 N/A
NPV (\$) $0.00| $0.00| $0.00| $0.00| $0.00, $0.00{ $0.00 $0.328|$0.897 N/A
Centralized Baseloag
Base Case
Start Hour 9am| 9am 9am| 9am| 9am 9 am 9 am 9am| 9am 9 am
Duration 12 hr| 12 hr 12 hr| 12 hr| 12 hr 12 hr 12 hr 12 hr| 12 hr 12 hr
Power (MW) 9.15| 9.15 9.15| 9.15| 9.15 9.15 9.88 9.15| 9.15/ 10.00
Energy (MWh) 52.79| 37.46| 4159 52.15| 52.20 49.63| 162.01] 131.39 132.25 125.61
Field Size (MWp) 25.08| 27.16| 28.56| 28.42| 25.47| 27.24] 29.09] 23.60| 23.34] 13.11
NPV (M$) ($49.58) ($392) | ($212 |($32.9|($39.2|($14.03) ($12.39) ($5.76| ($1.03)] $2.21
Optimum Case
Start Hour N/A| N/A 9am| 9am| 9am 9 am 9am 8am| 8am| 11 am
Duration N/A|  N/A 6 hr 6 hr 6 hr 6 hr 6 hr 7hr 8hr 7 hr
Power (MW) 0 0 2.69| 2.85 3.17 3.08 3.06 446 3.86| 10.00
Energy (MWh) 0 0 7.68| 14.69| 18.73| 18.08| 16.56] 31.98| 31.86| 63.52
Field Size (MWp) 0 0| 12.99| 12.38| 11.40] 11.62| 12.13| 12.83] 14.71 7.75
NPV (M$) 0 0| ($41.50 | ($7.39 | ($9.56| ($4.47| ($2.18|($0.599| $0.273 $3.34

4.1. Residential Timeof-Use (TOU) Pricing

First, it is helpful to take a look at the effects of roundtrip and-ded€harge efficiencies on the total
possible revenue gains in a TOU rate schedule. This is sh@Wguie4.1-1. There is a surprising drop
in revenue down to ~20% with even a slight increase indistharge rate. This turns out to be an ideal
case which would not be feasible in practical application. This is demonstrated storage dispatch

profile shown inFigure4.1-2.
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Roundtrip and Self-Discharge Efficiency Effects on Maximum Revenue (% of Max)
TOU Rate Schedule
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Figure4.1-1: TOU Efficienciesss. Revenue Gai

This ideal case is storing all of the energy generated in the winter months and dischargingdalfiofit

the firstsumme peakprice hours The energy requiremeribr such a dispatch profilis approximately

1.6 MWh. The power requirement to discinge all of this stored energy within the peak summer hours

is much more reasonable at approximately 3.5 {@ice there are 688 summer peak hours in this TOU
schedule) Thisenergy requirements most likelynot feasible for a residential storage installation, and
even if it were, the costs of such a storage device would far outweigh the revenue gain of $400 per year.
However, his offers someinteresting insight aso the potential for a very lovcost per KVh storage
device with nearly no setfischarge (similar to pumpetlydro). Further insight may be gaineifi this

ideal case is removed.
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Electricity Price and Energy Pathways of Optimal Storage Dispatch
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Figure4.1-2: Residential System TOU Ideal Storage Dispatch Prddi

When this ideal case is not consideredhie solution space, the effect of salfscharge isnuch more
subdued in a TOU rate structyras shown irFigure4.1-3. Another interesting observation from this
figure is that roundtrip efficiency appears to be even more important in a TOU rate schedule than a real
time market (see Sectiof.2). Also, the two efficiency components are almost identically influential on

observed revenuesw(thout the ideal case).Hence,it is expected that storage devices within a TOU

market will be able to afford larger salischargerate sacrifices than in a redgime market. This is

because of the repeated daily price cycles in TOU rate schedules.
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Roundtrip and Self-Discharge Efficiency Effects on Maximum Revenue (% of Max)
TOU Rate Schedule
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Figure4.1-3: TOU Efficienciesss. Revenue Gain with Ideal Case Removed

Figure4.1-4 below demonstrates the effects aftorage energy capacity and power ratiog revenue in

a TOU pricing market.
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Energy and Power Effects on Maximum Revenue (% of Max)
TOU Rate Schedule

SONNNN
R,
R RRRRRAA

N

3

N
SRR

)
N
N
Ny
SO
2
D
2
A
N
0
Y

y
e
o
i\
2
AR
QOO
W
e
0
#ﬁ
o
5

A
AN

A
ONAARARARARA

Y

W

AR ARANCN

~

100 ~ -

W
N,
N
&
N
Sy,
N

N

N

\
AN

RO
OO

N

SN

AN
\
8
ONARRRRIAXAA XA
SRR
A AN AR

80 -

\
R

)
DO
0
SO0

A

N
5
o
N
N
|
W
5
A
DO,
Na8y
4
\
=
!

00
N
o
N

SO
W

n":s
SO

60 -

S8
A
N
i
\
0
o
e
R
N
Q0
N
0
N\
W
X
X
0
SO
W
N
SRR
=
--'ﬂﬁ'
e
—
—

-

%

)

\
SN

3

||lll""’
—

40 |

—

[/
20

Revenue Gain (% of Max)

—
—

10

100 100

50

o
o
o

5 10 15 20 0 5 10 15 20
Energy Capacity (kWh) Power Rating (kW)

Revenue Gain (% of Max)
&

Figure4.1-4: TOU( Storage Sizes. Revenue Gain

In a TOU rate schedule, increasing the power rating of a storage device hits saturation very quickly with
respect to increased revense This is because the energy discharge profile can be spread out among
many peak pricing hours (deciag the power requirement) without sacrificing revenues. This is
perhaps illustrated best by looking at the optimized dispatch profile for a TOU mafketdispatch
profiles shown in Figure 4.1-5 represent a residential 2kW, PV system witha 15 kWh / 2 kW
hypothetical storagalevice with perfect efficiencgver a period of three days in the summeAsthis

energy profileindicates if the power rating of the storage device were increasatithe stored energy

would be discharged within the first peak prib®ur each dayand no added revenue benefits would be

observed(except via selflischarge savings, if applicableHence,there is a minimum_power rating

required to discharge all the stored energy within the peak gaed, beyond which there is very little

additional revenue gainedThis threshold is observed to be around 1.5 kW for a Zré&Sifiential system
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in a TOU rateschedule The reader should note that if the ideal case is feasible (1.6 MWh of storage

capacity with no selflischarge), then this threshold is increased to ~3.5 kW.

Electricity Price and Energy Pathways of Optimal Storage Dispatch
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Figure4.1-5: Residential Systemg TOUg Optimal Storage Dispatch Example
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4.1.1. Lead-Acid Batteries

Energy and Power Effects on Net Present Value (Thousand $)
Technology = Lead-Acid
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Figure4.1-6: Residential System TOU¢ LeadAcid¢ Storage Sizes. NPV

For leadacid batteries,tishould first be oted that the lifetime costs$n a residential TOU rate schedule
outweigh the economic benefits gained, as illustrated by the maximum NPV oinzeigure4.1-6. This
suggests thait would be unwise for a residential customer to invest in a faail battery storage

system, no matter what power or capacity, if they are in a TOU pricing contract.

The irregular behavior observed kigure4.1-6 is an artifact of the interplay between increasing savings

as storage size is increased, and the cost of the storage which is dependent on the specific operational
conditions. For example,larger storage device might actually have a lower lifetime cost because it is
utilized lessfrequently and therefore does noneed to be replaced as often.This is a common
phenomena observed for the other electrochemical batteries as weikh espedally apparent with lead

acid battery technologies, which have a relatively low cycle lifetime and are therefore highly sensitive to

changes in operationaonditions
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4.1.2. Lithium-lon (Li-lon) Batteries

Energy and Power Effects on Net Present Value (Thousand $)
Technology = Li-lon
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Figure4.1-7: Residential Systeg TOU¢ LiHlon ¢ Storage Sizes. NPV

As seen irFigure4.1-7, Lrion batteries are very poorly suiiefor energy arbitrage applications due to
their high unitenergy cost These batteries are likely to enter into the power quality market well before
they are used for any sort of energy arbitrage servicike leadacid, he lifetime cost of Lion batteries

is highly dependenbn their operational conditiongience, irregular contours arebserved in the NPV

surface.
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4.1.3. Nickel-Cadmium (NiCd) Batteries

Energy and Power Effects on Net Present Value (Thousand $)
Technology = NiCd
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Figure4.1-8: Residential Systemg TOUg NiCdg StorageSizevs. NPV

Figure 4.1-8 also shows that it would be undesirable to invest in NiCd as a storage solution for a
residential PV system in a TOU schedulotice that, because of the very high unit power cost, an
increase in power iting dominates the NPSurface whereasincreasing the energy capacity relmost

no effect. The contours are uniform because the cycle lifetime of NiCd batteries in this application is not

a limiting factor.
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4.1.4. Sodium-Sulfur (NaS) Batteries

Energy and Power Effects on Net Present Value (Thousand $)
Technology = NaS
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Figure4.1-9: Residential Systemg TOUg NaS¢ Storage Sievs. NPV

Similar to NiCd, NaS batteries have a high system lifetime (and therefore do not need to be replaced
often) and a high unit power cost. Hence, the power rating almost entirely dictates the NPV of the
storage investment. Although a bit less erpive than NiCd, it would still be undesirable to invest in a

residential NaS storage system.
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4.1.5. Vanadium Redox Flow Batteries (VRB)

Energy and Power Effects on Net Present Value (Thousand $)
Technology = VRB
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Figure4.1-10: Residential System TOU¢ VRBg Storage Sizes. NPV
VRB batries have a rather poor cycle lifetime, but only the battstgcks(sometimes referred to as
0KS oF dz€etl refleSemenS®@WSNE (K2dzal yR O0e0f Sa 2N azo | Sy C
Figure4.1-10 are frequent, but relatively small in magnitudeStill, these results suggest that VRB

storage is not suited for residential TOU systems.
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4.1.6. Zinc-Bromide (ZnBr) Flow Batteries

Energy and Power Effects on Net Present Value (Thousand $)
Technology = ZnBr
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Figure4.1-11: Residential System TOU¢ ZnBr¢ Storage Sizes. NPV

The unlimited cycle lifetime of ZnBr flow batteries result in the smooth contoufEgfre4.1-11 (the
lifetime costis not dependent on how it is operated). Here again, howeXeBris too expensive for
the benefits in a residential TOU schedule to recoiipe capital cost (especially enengfated) would

have to come down significantly before this technology would be able to offer any value in this market.
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4.1.7. Hydrogen Electrolysis with Fuel Cell (H2)

Energy and Power Effects on Net Present Value (Thousand $)
Technology = H2
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Figure4.1-12: Residential Systemg TOUg H2¢ Storage Sizes. NPV

Almost all of the capital cost of a H2 system is power related; and since the revenues of a storage system
in a TOU rate schedule only increase with increased energy capacity (after a minimum power rating is
met), the NPV is drastically affected by srtrease in power Essentially, as the power rating is
increased, the cost of the system goes up considerably without any increase in revenues, which causes
the NPV to plummet.If the roundtrip efficiency of an H2 system were increased, a-biggrgy/low

power storage system may become attractive for this application.
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4.1.8. Compressed Air Energy Storage (CAES)

Energy and Power Effects on Net Present Value (Thousand $)
Technology = CAES
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Figure4.1-13: Residential Systemg TOU¢ CAES Storage Sizgs. NPV

Although not on a residential scalthe characteristics of CAES are not terribly suited for this type of
storage service. If a mic®AES system could emulate similar costs and performance as the large scale

installations this could potentially be a desirable storage technology for TOldawisal scenarios.
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4.1.9. PumpedHydro Energy Storage (PHES)

Energy and Power Effects on Net Present Value (Thousand $)
Technology = PHES
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Figure4.1-14: Residential Systemg TOUg PHES, Storage Sizes. NPV

Similarly, althoughPHES is not currently available on a scale which would bliluee residential
applications, it is interesting to note that if it were able to be scaled down, the performance
characteristics of PHES could be attractive for residential systems on a TOU rate sclsgpdwidically,

the low cost per unit energy ($/kwh), zero séicharge, good roundtrip efficiencyyo DCGAC
conversion requirementand high cycle and calendar lifetisyeare key characteristics for this scenario.
Although the NPV of this hypotheticalicro-PHES system is only ~#4the capital cost came dowiand

it were feasible to implementhis may be an attractive option for this scenario.

4.2.  Centralized Generationwith RealTime Pricing

Similar to the TOU market, there is an ideal dispatch profile that can be captured when the storage
device has zero seffischarge. This profile is shownHRigure4.2-1. Again, this is completely unrealistic

in actual operation; not only because of energy and power limitations of the storage device like in the
residential scenaripbut due to system limitations of the power grid as wehergy/powerrequirement

of 7,000 MWh/MW, respectively). In additioanything other than a perfect pricing forecast would

completely undermine this dispatch strategy.
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Electricity Price and Energy Pathways of Optimal Storage Dispatch
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Figure4.2-1: CentralGeneration¢ RealTimec Ideal Storage Dispatch Profile

Hence, like in the previous section, this ideal dispatch case is removed from the solution space. The

following is a plot of the remainingundtrip and seldischarge efficiency effects on revenue for a real

time market.
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Real-Time Rate Schedule
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Figure4.2-2: RealTime( Efficienciesss. Revenue Gaiwith Ideal Case Removed

Animportant observation from this figure is that both high roundtrip efficiencies and lowdéstharge

rates are extremelymportant with regard to recapturing revenue from energy arbitrage in a-tiea

market, but selfdischarge is even more criticaRevenuestreams are nearly cut in hajfoing from a

2%/hour ¢ 6%/hour selfdischarge rate, confirming that technologies swashflywheels (with an hourly

discharge anywhere from 1B800%][47]) are not appropriate for this market.Realistically, with the

inclusion of forecast error, setfischarge should not be higher than a single percent per hand,

roundtrip efficiency should bat least in the high 80% range order tocapture most of the benefitmn

the realime market. These are ballpark numbers givenly from observations of the data presented

here. The actual efficiency tolerances arepgrR S y (i

2y

i KS &0 eapilalBBt aidSOKy 2 2 3

revenues obtainable within a specific market, among other factors.

The next figure(Figure4.2-3) shows theinfluence ofstorage size, both energy capacity and power

rating, on maximum revenue attainabile a realtime market.
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Energy and Power Effects on Maximum Revenue (% of Max)
Real-Time Rate Schedule
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Figure4.2-3: RealTime( Storage Siz&s. Revenue Gain

Maximum revenualoes not attain saturation nearly as quickly as in the TOU mableeausen a real

time marketrevenueis determined by discharging all of the generated energy within a handful of hours.
Hence, as energy and power capacity increases, more energgiliabde to be discharged during these

peak hours, and revenue continues to go up. Realistically, the cost associated with increasing capacity
and power will outweigh the diminishing returns seen in the revenues. Therefore, it is most helpful to
look at the rate at which revenue increases with respect to increasing capacity and power limits. It is
evident from Figure 4.2-3 that reverue initially increaes fastest as the power limit is increased.
However, it is important to note that an increase in power (ex. 20 MW) will only haizeablebenefit

on revenue if the energy capacity is at least twice as big (ex. 40 M\Wahce,for a givenenergy

storage capacity, it is desirable to be ableftly discharge within ~2 hourt® capture most of the

benefits in a reatime market.
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4.2.1. Lead-Acid Batteries

Energy and Power Effects on Net Present Value (Million $)
Technology = Lead-Acid
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Figured.2-4: Central Generatiorg ReatTime ¢ LeadAcid¢ Storage Sizgs. NPV

As with the TOU scenario, the limited cycle lifetime of taadl batteries makes the NPV very sensitive
to operational characteristics. The statep behavior of NPV with respect to energy capacity is a direct
result of crossing a cycle lifetime threshold for which an additional daeid battery pack must be
purchased. For example, a 32 MW leatid battery bank is cycled lefequently when the energy
capacity is 20 MWh as compared to 15 MWh. This decreasetimbf cycles results in one less capital
purchase requirement; hence there is a threshold that is crosgeidh abruptly changes the NPVike

the TOU scenario, leaaktid batteries are not a wise choice for this market.
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4.2.2. Lithium-lon (Li-lon) Batteries

Energy and Power Effects on Net Present Value (Million $)
Technology = Li-lon
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Figure4.2-5: Central Generatiorg ReatTimec Li-lon ¢ Storage Sizes. NPV

Lron batteriesare the only storage technology analyzed where the cost per unit energy is larger than
the cost per unit powerand by a factor of 4!). This intuitively makesold suitedmore for power
applications than energy arbitrage which is verified inFigure 4.2-5. Also, because of the high
dependence of capital cost on operational characteristics, the NPV surface appears almost to be random
except for the general trend of decreasing return on investment with an increase in energy capacity.
Hence any storage syste that utilizes L-ion batteries should be well designed and tailored to the
specific operational constraints and capabilities of this storage technol&ggardless, it may prove

very difficult to accurately predict the return on investment for this teclogy in providing any energy

arbitrage services.
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4.2.3. Nickel-Cadmium (NiCd) Batteries

Energy and Power Effects on Net Present Value (Million $)
Technology = NiCd
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Figure4.2-6: Central Generatiorg ReatTime¢ NiCdg Storage Sizes. NPV

In contrast to the residential TOU scenario, centralized generation requires the NiCd battery pack to be
operated in such a way that multiple replacements are possible. This is represented by thtegtair

effect inFigure4.2-6. It is evident that NiCd batteries are not economically viable for this market.
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4.2.4. Sodium-Sulfur (NaS) Batteries

Energy and Power Effects on Net Present Value (Million $)
Technology = Na$S
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Figure4.2-7: Central Generatiorg RealTime¢ NaSg Storage Sizes. NPV

NaS batteries show very similar characteristicN&Sdbatteries except the capital cost sgnificantly
lower, and therefore the NPV igreaterfor comparable battery sizesEven so, this teatology is not

suitable for reatime markets on this scale.
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4.2.5. Vanadium Redox Flow Batteries (VRB)

Energy and Power Effects on Net Present Value (Million $)
Technology = VRB
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Figure4.2-8: Central Generatiorg ReatTime¢ VRBg Storage Sizes. NPV
The unit power cost of VRBs about half that of NaS, but the cycle lifetime &out half as well.
Therefore,Figure4.2-8 represent a very irregular NPV surfaeéth losses being ahd half of those

reported for NaS battery systemsstill, this technology is a long way from being lucrative in aties

market.
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4.2.6. Zinc-Bromide (ZnBr) Flow Batteries

Energy and Power Effects on Net Present Value (Million $)
Technology = ZnBr
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Figure4.2-9: Central Generatiorg ReatTime¢ ZnBr¢ Storage Sizes. NPV

The unlimited cycle lifetime of ZnBr flow batteries result in a very smooth NPV response surface, as
shown inFigure4.2-9. It appears as thoughagpital cost improvements could make this teclhogy
attractive for this market, but further analysis shows that the unit energy cost would have to come
down by a factor of 5, and the power cost cut in half before atp@sNPV is observed. Hence, this

technology is still a long wdsom becoming attractive for this application.

73



4.2.7. Hydrogen Electrolysis with Fuel Cell (H2)

Energy and Power Effects on Net Present Value (Million $)
Technology = H2
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Figure4.2-10: Central Generatiorg RealTime¢ H2¢ Storage Sizes. NPV

Many of the characteristics of H2 systems are very attractive for the energy arbitrage market, including
the low cost per unit energy and unlimited cycle lifetime. However, the roundtrip efficiency is too low,
and the cost per unipoweristoo high tocurrently be viable. Additional beneftouldbe gained if the
roundtrip efficiency and thealendar lifetime were increased. Due to discounting, however, eten
85% system efficiency and a 30 year lifetintes power cost woulchave to decrease by over half to
about $200/kW before the NPV becomes positivEhis emphasizes the importance of decreasing the

capital expenditure of storage systengaot just the lifetime costs.

74



4.2.8. Compressed Air Energy Storage (CAES)

Energy and Power Effects on Net Present Value (Million $)
Technology = CAES
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Figure4.2-11: Central Generatiorg RealTime¢ CAESR Storage Sizes. NPV

CAES is one of two technologies that actually show to be economically viable intismecalarket
(PHES being the otherdiscussed ithe next sedbn). There is a rathdimited range of options that
would observe a positive return on the investmefigm 5 MWh at 23 MW up to 4 MWh at 10 MW.
The maximum return for this particular rate schedule is ab@®B0k, which is obtained with 22 MWh

sysem rated at GVIW.

When considering CAES it should also be noted that tleeesome emissions associated with its
operation. The turbines consume about 4,000 Btu/kWh of natura[2@lswhich at a CQemission rate

of 117,000 pounds per Billion Bfd8], equates to about half a pound of €@er kwh. For the above
system configuration of 22 MWét a rated power of 6 MW, there aibout 3.12 Million pounds of CO
emitted ead yearfrom natural gas use.However,comparedto an average hatural gas plant which
emits about 1.1 pounslof CQ per kWh[49], the entire solatwith-CAES system has about 6.5 times less

CQ emissions than a natural gas plarbviding the same generation service.

75



4.2.9. Pumped-Hydro Energy Storage (PHES)

Energy and Power Effects on Net Present Value (Million $)
Technology = PHES
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Figure4.2-12: Central Generatiorg RealTime¢ PHESR, Storage Sizes. NPV

PHES ithe only other technology considered in this slkdhat demonstrates a positive NPV. The range
for which this is attainable is even larger than for CAES systems, as d$éguarav.2-12. The low cost

per unit energy capacity extends the possible system configurations past the 100 MWh limit of the plot.
However, the maximum is observed with a 60 MWh system with a poweangratf 8 MW, which is

estimated to give a net return of almost $900k.

4.3. Centralized Generation as Baseload

In addition to the NPV evaluations for different service requirements, a sensitivity analysis is performed
for all the storage technologies except CSitd thermal. This is done by holding all characteristics of
the storage device constant for the 9agn9pm service requirement configuration, and then varying

each key cost and performance metric while measuring its effect on NPV.

CSTP with thermal storagwill be used as a comparison for-Rith-storage systems within the role of
providing a set demand profile (service requiremems shown irmable4-1, each storage technology is

fist assessed on its capacity to provide a 12 hour service requirement starting at 9am each day of the
year. Thermal storage offers a $2.21 Million return on investment while providing this serviaather

words, the saings attainable from utilizing thermal storageeven while being required to meet this
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service requirement, outweighs the costs by a present value of about $2 Million over the lifetime of the
system. Figure 4.3-1 shows the lifetime net present value (NPV) tbe thermal energy storage
investmentevaluated for many different service requirement demand profiles. All demand profiles
have a peak demandf 10 MW. The hour in which the service requirement begins, and the duration of
the daily service requirement arearied. For CSTP with thermal storage;-$3.3 Million return on
investment is made possibiéthe system is allowed to sell the excesery intothe wholesale real

time marketand ifthe service requirement starts at 11:00am every day and lasts for 7 hbuosigh
5:00pm).

Service Requirement Effects on Storage Lifetime Cost (Million $)
Peak Demand = 10 MW
Storage Technology = Thermal

24

22 |

201

Start Hour = 11:00 i
Duration = 7 Hours
NPV = $3.3376

18
16
14
12+

10 o

Duration of Service Requirement (Hours)

5 10 15 20
First Hour of Service Requirement

Figure4.3-1: Baseload Generatiog CSTR, Thermalg Optimized Dispatch

A sample demand profile with these characteristics is showFigare4.3-2 along with the CSTP turbine
output and realtime eledricity price profiles for July 15 Note that the generator is allowed to sell
additional energy into the realme market & the high price points (4:00pm in this case)f the
generator is not allowed to discharge this additional energy, there wbeldnany days in which the
system is oversized for the service requirement (because the system must be designed to meet the peak
demand periods), and it would be forced to shywaste)the extra energy. With this particular service
requirement, the annualrevenues would be limited to $1.44 Million (dictated by the service
requirement), and an amount of ~$560,000 is lost from shunted eneFgy.many service requirement
profiles, this actually results in lower revenues than a completely-adispatchable sstem without
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storage. Hence, no additional revenue exists as an incentive to add the storage divieewvorth
noting, however, that a valid possibility may be to couple the sei#in-storage system with a small
peaker generator (such as a natural gadine). This would allow the solavith-storage system to be

sized for the average demand, and the peaker would only be operated during peak demand periods.

The analysis of this configuration is beyond the scope of this thesis, but should be lodkefitate

work.
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Figure4.3-2: Baseload Service Requirement and Dispatch Profiles

Figure4.3-3 showsthe NPV of the thermal storaginvestment for the scenario iwhich the turbine
output is limited to producing the required service profilenderthese restrictions there are no service
profiles that would be favorable for adding storage. This doesmmedin the system as a whole would

not provide a positive return on investment. Rather, this indicates that under these service restrictions,
the investment value would decrease by the NPV amount showkigare4.3-3 because of the added

cost of the required thermal storage. For example, the service requirement mentioned above starting at
11:00am, and lasting for 7 hours each day, would subtract d tidédime amount of ~$2 Million from

the total system investment.Since this restricted service requirement does not result in a favorable
return on investment for thermal storage, it is safe to conclude that all the other storage technologies

would showan even worse NPV under these conditions. Therefore, this exercise is not repeated for the
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other technologies, and all the other service requirement plots assume excess energy can be sold into

the reattime market.

Service Requirement Effects on Storage Lifetime Cost (Million $)
Peak Demand = 10 MW

Storage Technology = Thermal
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Figure4.3-3: Baseload Generatiog CSTPR, Thermalg Restricted Dispatch

4.3.1. Lead-Acid Batteries

Service Requirement Effects on Storage Lifetime Cost (Million $)
Peak Demand = 10 MW

Storage Technology = Lead-Acid
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Figure4.3-4: Baseload Generatiog PV¢ LeadAcid¢ Optimized Dispatch
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As seen irFigure4.3-4 above leadacid batteries are too expengiwver the lifetime of a PV system to
provide a positive returror any of the service requirement profiledn addition, the lifetime cost of
using leadacid batteries to satisfy the base case 9qrBpm service profile is ~$49Million. This is

about55%of the cost otthe PV arrayequiredfor such a system.

NPV Sensitivity Analysis for Lead-Acid
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Figure4.35: Baseload Generatiog PV¢ LeadAcid¢ NPV Sensitivities

For leadacid batteries, the two metrics that have the most potential fofliencing NPV are the unit
energy cost and the cycle lifetime, as seenFigure 4.3-5. If the energy cost is reduced by 30%
($100/kWh) and the cyclifetime is increased by 30% (2,000 cycles at 100% DOD), not only is the NPV
of the storage investmerincreased by 36%, but the total installed cost of the suldih-storage system

is decreased by ~3%/Ihis is because the service requirement may be widt a smaller solar field by
increasing the size of the battery bank, resulting in an overall lower capital tfote energy cost is
reduced by 66% to $50/kWh, and the cycle lifetime tséased by a factor of ~4 tQ¥50, then the NPV
of the storag investment is increaseoly 68% and the total cost is reduced by 7.8%.these dramatic
improvements in energy cost and cycle lifetime are achieved, then the BOS cost and enebgcoost
equally important and the cycle lifetime is no longer a limg factor Therefore, the continued
decrease of the $/kWh capital cost of the leadid battery becomes the most important area to focus

on once a cycle lifetime of ~800 is achieved.
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4.3.2. Lithium-lon (Li-lon) Batteries

Service Requirement Effects on Storage Lifetime Cost (Million $)
Peak Demand = 10 MW

Storage Technology = Li-lon
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Figure4.3-6: Baseload Generatiog PV¢ Li-lon ¢ Optimized Dispatch

Lilon batteries are an entirely unreasonable choice for the energy arbitrage required for meeting a
service requirement. The lifetime cost ofitin batteries to meethe 9am¢ 9pm demand profile is an

astounding $39Million ¢ approximately4 times greater than the cost of the Rvrayfor such a system.
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NPV Sensitivity Analysis for Li-lon
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Figure4.3-7: Baseload Generatiog PV¢ Lilon ¢ NPV Sensitivigs

Although still not suitable for energy arbitrage, the investment inldm batteries for this particular
service requirement could be increased by a dramafib for only a 26 increase in cycle lifetime from
1,500 to 1520. This is too close to the agmed value of 1,500 cycles to bmimeddifferent; therefore,

it is speculated that an NPV e$247.8 for Lion batteries is achievable. This is still ~2.5 times more
expensive than the capital cost of the PV array and would be a very bad investikewntle lifetime of
~11,400 would be required to eliminate this as a significant factor for WRMh would then maké¢he
reduction of the unit energy cost theole focus area.Overall, he unit energy cost dwarfs all the other
components, making a reduon in this metric critical for any positive investment effectere is a 1:1
relationship between the unit energy cost and NPV, where a 1% reduction in the energy cost results in a
1% increase in NPV (assuming all other parameters are held constdriteoperation of the storage
device does not change)Since Lion has a fixed architecture, and the energy cost is so high, the unit

power cost is never a liniitg factor for the storage NP¥nd is therefore showat null in Figure4.3-7.
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4.3.3. Nickel-Cadmium (NiCd) Batteries

Service Requirement Effects on Storage Lifetime Cost (Million $)
Peak Demand = 10 MW
Storage Technology = NiCd
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Figure4.3-8: Baseload Generatiog PV¢ NiCdg Optimized Dispatch

Similar to Ldon, NiCd batteries are very poorly suited for the energy arbitrage required to meet a
demand profile. The lifetime cost of a NiCd battery bank to meet the @8pm service requirement is
approximately 212 Million, which is aboutwo times greater than the cost of the PV array for such a
system. However, ifthe system igequiredto meet a 6hour demand profile starting at Qaimstead

then the lifetime cost of the NiCd battery bank would be ab®d#o that of the PV arrai$41.5Million).
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NPV Sensitivity Analysis for NiCd
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Figure4.3-9: Baseload Generatiog PV¢ NiCdg NPV Sensitivities

The very high unit power cost of NiCd is the primanaareconcern. If this could be reduced by ~%/
to $2,700/kW thenthe total capital cost would come down by 17%, the storage NPV would increase by
50% and the cycle lifetime would become the limiting factor. The cycle lifetime would have to be

increased by a factor of 4 (to 9,200 cycles) before fixed O&M and BOS becoomeeim.
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4.3.4. Sodium-Sulfur (NaS) Batteries

Service Requirement Effects on Storage Lifetime Cost (Million $)
Peak Demand = 10 MW

Storage Technology = Nas
24 : : ‘ ;

22 1
w
§ 20 1
T
— 18 Start Hour =9:00 .
%’ ~60 Duration = 6 Hours

16 NPV = $-7.38 1
= —
[0}
s 14F §
3
3
2 12 1
3
£ 10} ) 1
e
b -40

8r §

5
c 6f 1
o
=]
] i

5 10 15 20
First Hour of Service Requirement

Figure4.3-10: Baseload Generatiog PV¢ NaSc Optimized Dispatch
Other than flow batteries, NaS batteries are the most promising electrochemical battery architémture
energy arbitrage analyzed in this workThis is mostly attributed to their high cycle and calendar
lifetimes, which limits the number of capital expenditures (replacements) that are required over the PV
ae ad Sy QaAltough thdilifetin® dosbf NaS to provide the 12 hour service requirement is $32.8

Million, this reduces to ~$7 Million if the demand profile is limited to 6 hours, starting at 9am.
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NPV Sensitivity Analysis for NaS
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Figure4.3-11: Baseload Generatiog PV¢ NaSc NPV Sensitivities

As seen inFigure 4.3-11, the unit power cost has the most potential for improving the storage
investment. If this metric were decreased by 1/3 to $1,000/kW, it would have a directly proportional
affect on NP\ increasing it by 33% and the cycle lifetime would become the primary focus aréae

cycle lifetime would have to be increased by ~67% to 8,750 cycles before O&M and the unit costs
become of concern againUnfortunately, even if these improvements were dea NaS would still be
more expensive over the lifetime of a PV system than the available benefits under the constraint of

meeting any of the service requirements.
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4.3.5. Vanadium Redox Flow Batteries (VRB)

Figure4.3-12: Baseload Generatiog PV¢ VRBc Optimized Dispatch

Similar to NaS, but a bit more expensive, VRB would add significant cost to a PV system required to meet
a service demand profileThe lifetime cost of meeting the 12 hour service requiremei$38.2 Million,

whereas the 9am/6 hour service profile has a $9.5 Milpidoe tag

87




















































































































































































