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ABSTRACT

Powertrain electrification is a concept which encompasgesd-electric vehicles
(HEVS), plugin hybrid-eledric vehicles (PHEVs), and pure electric vehicles (E\&)ch
vehicleshave received attention recently as a potential solution for reducing the carbon intensity
of the transportation sector. The fundamental challenge to the commercial suetessiod
vehiclesis energy storage. Consensus in the automotive industry is that Hiughi-ion)
batteries are the most likely candidate for overcoming this challarige next decade
However, these batteries must meet five categories of goaldenfor them to enable the
success of electrified vehiclesnergy, power, lifetime, safety, and cost.

Of these five goals, cost may be the most uncertain, and perhaps the most critical. This
research examines the primary cost drivers for automoti@nlbatteries at the cellmodule,
and pacKevel. It then investigates how these costs may change over the next two decades, and
what impact this may have on the costnpetitiveness of electrified vehicles. This is
accomplished through the developreha bottorrup cost model that considers the materials
cost, manufacturing cost, and other costs such as corporate overhead and research and
development that contribute to overaltibn battery costsTwo scenarios of how these costs
may change are deloped: an optimistic case and a pessimistic case. Additionally, the level to
which battery costs must decline in order for vehicles of varying levels of powertrain
electrification to become economically competitive with their conventional internal cbioiu
engine counterparts is calculated.

Results indicate that the primary cost drivers foerdn batteries at the pad&vel are
cell-level materials cost and manufacturing yieltteprovements in these areas will be key
drivers for reductions in ovdtdattery costs, and may make electrified vehicles-cost
competitive with conventional automobiles. However, this-costpetitiveness is highly
sensitive to fuel prices. Various policy and market mechanisms can significantly impact the
economic viabiliy of electrified vehicles and influence the rate at which they are adopted.
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INTRODUCTION

Light-duty vehicles (LDVs) haviengrelied on gasoline as the fuel fieir internal
combustion engines. Althoughe electric drivetrain is as old as the automobile itself, it has
been dominated by its noisier, more complex, more polluting, less efficient, and lower
performing rival for nearly a centufyThere are sevetaeasons for this, but tfandamental
challenge for the success of electric vehicles is now,hasélwaysbeen energy storage
(Anderman, 2007; Mandel, 2007; Murphy, June 12, 2008; Rauch,.2008)

Recently several factordhave convergedstimulating renewed interest in powertrain
electrificationi aconceptwhich encompasséds/brid electricvehicles (HEVS), plugn hybrid
electric vehicles (PHEVs), and pure electric vehicles (EV&e most obvious of thesadtors is
theincrease in the level and volatility ofl pricesin recent yearsyhich has resulted in a
significant increase in the patile cost of driving due to the higirice of gasoline.During
2008, such high gas pricessulted in a shift in theehicle purchasing habité American
consumes, as large, inefficient trucks and SUVs rensaion dealer lots while sales of smaller,
more economical caisespeciallyHEVsi sharply increasehgence FrancePresse, 2008)
Secondly, Americasare increasingly acceptiraj the notion that global warming is, at least in
part, anthropogenic, and are attempting to modify their behavior to reduce their energy use and

carbon footprin{Business Wire, 2008; Smith & Murphy, December 30, 2008)rdly,

! Early electric carriages were available as early as the 1830s. Electric cars reached their prime around 1900, when
28% of the vehicles produced the U.S. were electric drive. By the 1920s, however, electric cars were no longer
commercially viabl¢PBS.org, 2006)

2 Unfortunately for the electrified vehicle industry, as oil and gasoline prices plummeted in late @90&nd for
fuel-efficient vehicles softene{Smith & Murphy, December 30, 2008; White, 200%he uncertainty in fuel prices

in the future, howeveras well as concerns over energy security and climate change prompted U.S. Senator Byron
Dorgan(Bb 50 (2 &0l GSY GGKSNB Aa y2 tSaa dz2NBSyOe F2N) GKS
LIS NJ 3 | {Efe@ri¢ Drid¢ Taahisportation Association Conference)



significant advancemesin thestate of battery technology may soon sdhe challenge of
energy forage. This challenge has already been met for HEVs, as demonstrated by the success
of vehicles such as the Toyota Prius #adickel metal hydride (NiMH) battery, achieviray
fuel economy of nearly 50 miles per gallgfuelEconomy.gov,” 2008)Furthermore,
automakersuch as GM and Toyoteave announced the introduction of ngeheration HEVs
and PHEVss early as 2010, based on lithiwon (Li-ion) battery technolog{Mandel, 2007;
Murphy, June 12, 2008)in fact, indusry consensus is that-ion batteries will become the
dominant technology for electrified powertrains, just as it has become the |batteny
chemistry for consumer electronics such as laptop computers apti@eigAxsen, Burke, &
Kurani, 2008; Barnett, 2008; Kalhammer, Kopf, Swan, Roan, & Walsh, 2007; Kromer &
Heywood, 2007) However, there are significant differences betwieeion batteries for
consumer electronics andoge for automotive applicatiorspecifically with regards to lifetime
and safety requirements.

Unl i ke the term fAnickel met al hydride, 0 wh
the termofmloi trddfdmiymofbattery chemistriesf which there are many varieties.
Each of thesé.i-ion battery chemistries hasrengths and weaknesses with respect to the five
categories of goals that must be nmedrder for largescale commercialization of electric
powertrains to be successfugnergy, power, lifetime, safety, andstfAxsen, et al., 2008)
Energy, typically discussed terms of energy densityvatt-hours per literWh/l) or specific
energy (att-hours per kilogram\WWh/kg), is important because it translates into vehicle range.
High energy density is are important for PHEVs and Elsan for HEVswhich use small
batteries to recover energy from braking and coasting events and to poong@ementary

powerfor acceleration Powerdiscussed in terms of power densiyafts per literW/l) or



specific power\atts per kilogramw/kg), is important because it translatewithe motive

force which providesehicle acceleration. High power density is more important for HEVs than
for PHEVs and EVs whichave larger batteries that can still provide adequate power with lower
power densities. Lifetime is importantth respecto bothcalendailife and cyclelife.

Consumers expect vehicle batteries to last the life of the vehicle, winolwigenerally

accepted to be fifteen yeays 150,000 milesand which could span thousands or hundreds of
thousand®f charge/discharge cles depending on the application and use. Safety is important
for obvious reasorisa small laptop battery experiencing a thermal runaway event is concerning,
but a similar occurrence in a large EV battery could be catastrophic. Finally, cost is mhg®rta

it is key for electrified powertrains achieving (or failing to achieve) commercial success, even if
the other criteria are met.

Of the five criteria discussed above, cost may be the umzsfrtain Energy and power
densities can baccurately measad, and reseen shows that the practical limit far-ion
technology is around 300 Wh/kg, approximately 50% greater than current techrsulibglyle
for HEVs, PHEVs, and EV&Kromer & Heywood, 2007)Various electrode materials are
continually being developed, further increasing lifetimd safety characteristics so that major
automotive OEMsnotoriously conservative when releasing new technolagycomfortable
announcing forthcominglEV and PHEV vehicles. The United States Advanced Battery
Consortium (USABC) has outlined goals in terofiglollars per kilowathour ($/kWh) that
battery technology must reach to madegiouselectrified vehicles commercially viable
approximately $206300/kWh(compared t@urrent costs d753$1000/kWH (Axsen, et al.,

2008; Electrochemical Energy Storage Tech Team, 200&) generally believed théati-ion

batteries still have significant potenttalachievesuchcost eductionsmore sahan older



NiMH batteries(Irwin, 2008; Kroner & Heywood, 2007) Mechanisms by which battery costs
may be reduced includbe use of lower cost materiaiscreasegackaging efficiencies, process
improvements, economies of scale, and increasatlifacturing/ields (Hsiao & Richter, 2008;
Irwin, 2008; Lache, et al., 2008jlowever, the rate at which these mechanisms may drive
battery costs down is npteciselyknown The most comprehensive publicly available studies
onadvanced automotive battery coastsone prepared for the CaliforniarAResources Board
by the Year 2000 Battery Technology Advisory PdA@lderman, Kalhammer, & MacArthur,
2000)and updated in 200(Kalhammer, et al., 200/andarot her by Ar gonne Nati
Transportation Technology R&D Cenfgaines & Cuenca, 2000 hese studies largely focus
on current battery costs, while relying on industry estimates of how overall battery costs may
scalewih vol ume manufacturing. The most recent o
longer term, there appear to be good prospects for reductioiobln b at t ery costsé.
magnitude of this cost reduction potential cannot be assessed at thig kialeammer, et al.,
2007)

This researclexploresthe path thaki-ion battery costs may take the next twenty years
under different scenarios of technological advancement and deployftedetailed
spreadshedtasedechnical cost model for tion battery technologyeveloped as part of this
researchdisaggregates the numerous cost driemdallows for the identification of the most
important levers for reductioaf total battery costsFuture fattery costs are crucial to the
success oélectrifiedvehicles, andinderstanding thieatterycost curve is valuable to investors
who give financial backing to the numerous battery companies that are being created, to
automobile manufacturers for whom cost is paramount and for whom product development

cycles begin yearsiiadvance of new vehicle introductions, and for policy makers who need to



understand the economics associated with electrified powertraindentormake decisions

regardirg technology policy as part bfoaderenergyandclimate change policy.

BACKGRO UND

Lithium-lon Battery Basics

Electricity is not easily stored. Thus;ion batteries, like all other battery types, store
energy electrochemicallyElectricity is producedh the Li-ion batteryia an electrochemical
reaction that is enabled by tf@ur major components of the battery cell: the positive electrode
(the cathode), the negative electrode (the anode), the electrolyte, and the sépagabal
illustratesthese components, as well as the fldiithium ions and electronduringchargeand

dischargestates

Charger Load
T itraces fl dheseonan i & S
gk .. current fiow : | | current fiow SRS Ar
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Figurel: Electrochemical Storag@ia Lilon Cell

% For a more complete description of the construction and basic operatioriohlhatteries, refer to such
commonly available sources h#p://en.wikipedia.org/wiki/Lithium_ion_batteryand (Buchman, 2005)



http://en.wikipedia.org/wiki/Lithium_ion_battery

Both the cathode and the anode are comprised of intercalation compounds, which allow
lithium ions to be inserted amdmovedduring charge and discharge. The cathode in tradition
Li-ion cells is a transition metal oxide sucHitsum cobalt oxide I(iCoOy), while the anode is
typically comprised otarbon in the form ofraphite(Beach, 2008) The electrolyte isypically
a lithium salt such aghium hexafuorophosphate (LiP4f dissolved in an organic solvent, while
the separator may be made of polyethylengadypropylengKalhammer, et al., 2007)The
electrolyte provides an ionically conductive path through which the lithium ions migrate during
charge and discharge, while the separator pregdntscircuiting between the cathode and
anode while allowing ions to pass

Though most research is aimadmproving Liion battery technology at the cédivel, it
should be noted thaffor automotive applicationgdividual cells are typicallgonnected
together in various configurations apackagedvith associated control and safety circuitry to
form abattery module Multiple modules are then combined with additional conthauitry, a
thermal management systeamd power electronics to create the complete battery pachk as
the one made by A123 Systestsown inFigure2 on thefollowing page(Gaines & Cuenca,

2000) There are costs associated with each leveitegration, and these must be consede
when doing cost modelingnceit is the cost of the complete battery pack that is relevant to the
consumer.

Despite the fact that virtually all hybrid vehicles available today rely on NiMH batteries,
current efforts to solve the energy storage probta electrified vehicles focusn Li-ion battey
technology. This iprimarily duetoLi-i on6s advantages over Ni MH wi
density and cost. Libn batteries can store more energy per mass and volume than NiMH

becausdithium is a lightveight metaland because i on6s el ectr ochemi cal p I
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Figure2: LiHlon Battery Pack for a PHEX123 Systems, 2008b)

cell voltage between 3.3V and ¥.8ompared to 1.2V for NiIMHAXxsen, et al., 2008; Kromer &
Heywood, 2007) Cost advantages arise due to the fact thadi.ibatteries scale more readily to
high volume productioand can be made with a variety of materials, allowing for cost reductions
through material substitutio The cost for NiMH batteries, on the other hand, is inherently tied

to the relatively expensivaommodityprice of nickel(Kromer & Heywood, 2007)

Lithium-lon Cell Typesand Materials
Li-ion battery cell€ome in a variety of form factors, but the most common for
automotive applicationare cylindrical cells and prismatic cells. Historically, the most
ubiquitous celtype has been the 18650 cylindrical cglightly largethant he A AAO0 t ype
batterywith which most consumers are familiar, though this format is typically considered too

small to be of practical use in automotive applicatibrisarger cylindrical cells aralso

* Though the 18650 cei not ideal for automotive use, Tesla Motors uses a total of 6,831 of these cells in the
53kWh, 450kg battery pack of its-alectric Roadster, along with sophisticated control circuitry to ensure safe
operation. While this is not a cosffective soluton for the long term, the availability of the 18650 cells has
allowed Tesla Motors to introduce its all electric supar without relying on further advancements in battery
technology(Voelcker, 2007)



Positive terminal
Cover
Insulating " Anode
ring . '7 | (negative plate)
,,«/( T l
el — -
Positive—
tab
Case
§ ‘
o |
(1]
Q
2
7
/
S !
‘/ | Cathode
Negative tab (positive plate)

Figure4: Cylindrical Cell ConstructiofvVoelcker, 2007)

available. Cylindrical cells are constructed by
spirally winding thecathode and anode, kept
apart by the separator, inte@gindrical shape
andhousing the windig in a steebr aluminun
can as showmiFigure4 (Gaines & Cuenca,
2000; Voelcker, 2007)In 2000, most
automotive cell designs were cylindrical
(Gaines & Cuenca, 2000hough many
manufacturers are now developing prismatic

(i.e., rectangular) designas shown irFigure3

due toadvantages in space utilization and thermatagement. However,prismatic cellsare

typically more expensive to manufacture than their cylindrical counterfiatte, et al., 2008)

An additional type of Lion cell package that warrants mention is the pouch Gélk

pouch cell isessentially a prismatic cell
without a rigid case, but instead housed in
flexible pouch enclosurelt has the
advantage of higher packaging efficiencies
and lighter packaging weight than standar
prismatic cells, with the potential

disadvantage of less structural integrity,
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though this may be mitigated with

® At the Electric Drive Transportation Association Conference in December, 2008, spokespersons for Electrovaya,

Figure3: Prismatic CelConstruction(NEC/TOKIN, 2004

A123 Systems, EnerDahd ElectroEnergy all referred to development of automotive prismaiimricells.
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appropriate design at the moduded packievel. EnerDel i®ne domestic manufacturer of
automotive Liion bateries that is working witprismatic pouch cell§'EnerDel Technical
Presentation,” 2005)

As previously discussedlj-ion batteris can be made from a variety of materials. The
traditional active materialused inLi-ion batteriedor the consumer electronics marleea
cathode oLiCoO, paired with a graphite anedhowever, due to safety concerns, this chemistry
is not consider suitable for automotive applications because of its unstable oxidation state
which can lead to violent thermal runaway evéhisiao & Richter, 2008; Kromer & Heywood,
2007) Thus, numerous other active materials are being developed-ifam batteries, wh most
of the research focuseah the cathode material. Some of the more promigargeties are
lithium nickelcobaltaluminum(LiNig gsC0p 1Al 0,05 abbreviated NCA)lithium iron phosphate
(LiFePQy, or simply LFB, and lithium manganese spinel (LiD®y, or LMS), each paired with a
carlonanode Each of these materials improves on certain characteristics of tratlitiion
batteries while compromising on others. For example, NCA has good energy and power density
as well as adequate lifetime, but suffers from cost and safety cosaailas to traditiorl
cobalt oxide. LFP appears to be a much more stable chemistry and has low cost due to its use of
iron; however, it suffers from poor energy density, though this is mitigated to some degree by its
ability to operate in a large stabé-charge window. LMS similarly improves on cost at the
expense of energy dsity and calendar lifeStill, all of these chemistries are currently being
developed by leading battery manufacturers and may have applications in the electrified

automobile mdustry(Axsen, et al., 2008; Kromer & Heywood, 2007; Lache, et al., 2008)

® Lon batteries are typically charged no greater than 880% of their maximum statef-charge (SoC), and are

not allowed to discharge below some minimum SoC, perhaps 30%, because apataidgremely high or low

states of charge can dramatically reduce battery life. This narrow operating window effectively limits the overall
energy density of the battery. LFP batteries have been shown to achieve cycle life characteristics sirpileatlto ty
Lron batteries while operating at wide SoC windoi#d.23 Systems, 2008a; Lache, et al., 2008)
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Although most effort has been aimed at new cathode materials-imn batteries, there
have been developments in other ardathium titanate batteries pair the LMS cathode
described above with an anode of lithium titanate oxidg (§®;2). Though this combination
has a reduced celbltage (and thus lower energy density) compared to the graphite anode, it
allows a usable SoC window artually 0%-100%, significantly increased ligend safetyand
good power density. Cost remains an issue, how&eehe, et al., 2008)Additional work has
been done on other anode materials such as tin and silicon, @s wellel materials for the
separator and electroly(Beach, 2008; Ritchie & Howard, 200&{owever, many ofhe new
materials being developed for-ldn batteries are not yet past the laboratory phase.

Li-ion battery cells may be optimized for energy density or power density, irrespective of
the chemistry and format of the cell. For exampleergy density may be increased by
increasing the amount of active matetiaédin the electrodes; however, the resulting increase in
electrode thickness increases the impedance within the cell, causing a reduction in power density
(Axsen, et al., 2008) Thus, it is possible to manufactureth highenergy cls (such as those
suitable for PHEVs and EVs) and higbwer cells (such as those used in conventional HEVS)
using the same chemistry and packaging by altering the relative quantities of materials and

design within the cell.

Lithium-lon Battery Manufactuing
Given the variety of materials used and various sizes and formatsasf hattery cells,
it is not straightforward teharacterizé.i-ion production with a single manufacturing process.

However, since the cylindrical type is currently the noashnon, thatis the process described

" A summary of various battery chemistries, including differsiion battery types, can bound inAPPENDIX A:
Summary of Various Battery Chemistries
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here, with differences for prismatic cell construction notéde description is based on the
production processes describedAmderman, et al., 200@nd(Gaines & Cuenca, 2000)

Li-ion cell production begins with the manufacture of the cathode and amitiuée
procesdeingvery similar for each. For the cathode, the active natsrcombined with a
binder and other additives in a solvent to make a cathode paste which is then deposited onto the
current collector, usually aluminum foil, in a coating process. For the anode, typically a graphite
paste ignade andaleposited onto cqger foil in an identical process he coated electrode foils
are then dried, and the thickness of the deposited material on the foil is made uniform through a
process called calendaring. The foils are trimmed and cut to the proper size, and wound up with
the separator material between them. (In the case of prismatic cells, the electrodes are not
wound, butcut into rectangular shapes and stacked.) Tabs are also welded to the cathode and
anode to provide electrical connectiofhe wound electrodes asdparator are insertedan
the canister, electrolyte is addecc a | | e d , dnheillary domporgrnts)such as vents and
safety devices are attached, and the cell canister is closed by crimping or welding a cover to the
container.Individual cells are tn packaged together into modules, which are further integrated
with other systems into a complete battery pack as previously discdagede5 onthe
following page summarizes the-lan battery manufacturingrpcess.

Though the manufacturing process is virtually the same faricells for the consumer
electronics industry as it is for automotive applicati@uslity control is typically much higher
in the automotive industr§Chu, 2008; Hendrix, 2008)Thus, additional process controls and

the resultindower yields contribute to the higher cost of automotivéohi batteries.

11
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METHODS

The initial phase of thisesearh wasdevoted tanalyzing the current state of-idn
battery technology andentifying allmaterials angdomponents of the lithiuson battery
manufacturing process that contribute to total costs. Wassprimarilyaccomplished by
analyzing pasand airrentresearchincluding the aforementioned battery cost studies,
(Anderman, et al., 2000)Gaines & Cuenca, 200(gnd(Kalhammergt al., 2007)

Additionally, interviews were held with representatives from several domesta battery
manufacturers, an investor in the battery space, and a major supplier tadhdattery
industry. The results of this phase are summarizethé previous sections.

The automotive Lion battery industry is rapidigaining momentupwith numerous
companies entering the sector, each with its own notion of how to overcome the energy, power,
lifetime, safety, and cost challenges to make eléstiWehicles commerciallyiable. Due to the
intense competitive rivalrymuch of the information regarding materials and processes is
considered proprietary lifie various industry playerand they are unwilling to share such
information® Because oftte unavailability of detailed cost informatiinitial cell-level costs
were taken fronthe previously mentioned Lion battery cost studies. Costs at the modarhel
packlevel wee extrapolated fronthese studies as well egisting market researchcduas

(Irwin, 2008)

8 At the 2007 Advanced Automotive Battery Conference, several companies declined to comment on current and

future battery developments. Regardingthis wA O Cdzf 2L 2F ! mHo {@adGSYa |ljdzA LILISRZ
dzy RSNB I GSNJ I yR (GdzZNYySR 2y G KSANI a\$oglcke, 07 9OSNE2YSQa LINJ
% Initially, a questionnaire was developed and distributed to battery manufacturers with whom contact had already

been establishe. (SeeAPPENDIR Battery Cost Inputs QuestionnaijeThe questionnaire was intended to solicit

detailed cost information for all of the materials, manufacturing steps, and overhead involved vdthldattery

production at the cell module, and pacHevel. However, due to the reasons just discussed, the questionnaire

received virtually no response.
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Once the battery manufacturing process was mapped and costs identified, thedsdst

was developed in spreadsheet fornmigliree cost categories were considered: materials,

manufacturing, and other (includicgrporae overheadresearch and developmemntarketing,

transportation, warranty costs, and piofiEach of these categories was disaggregated into cell

level, modulelevel, and packevel components. Celével materials were further broken down

into raw mateals for the cathode, anode, separator, and electrditeire6 illustrates the

general structure of the model.

Cost Category Total
Materials Manufacturing Other ($/kWh)
cell Cell-level Cell-level Cell-level Othe
“ S Materials Cost | Manufacturing Cost Cost
T 8 Module | Module-level Module-level Module-level
o 2 Materials Cost | Manufacturing Cost Other Cost
— E « Pack-level Pack-level Pack-level Oth
Pac Materials Cost | Manufacturing Cost Cost

Figure6: Structure d Lilon Battery Cost Model

The output of ths model is acalculation ofthe cost per kilowathour ($/kWh) for high

energ Li-ion batteries.Costper kilowatthour is a common metric used frequently in both

current academic research as well as market research focusngrgy storageechnology as

it Is energy capacity, rather than power, that is the main determinbattefy costKromer &

Heywood, 2007) Furthermore, this metric allows for the calculatairihe total cost of a

complete battery pack, because the energy required for various levels of powertrain

electrification is reasonably wethown!® Analysis with he model was restricted to high

®The USABC battery goals describe energy required for HEV-4PH&\I EV operatiofElectrochemical Energy
Storage Tech Team, 200&nergy requirements for PHEVs with varying chdegpdeting ranges can be
extrapolated from this, as is done (Kromer & Heywood, 200&nd (Kalhammer, et al., 2007)

14



enery Li-ion batteries, as that is what is needed to enable the commercialization of PHEVs and
EvsH

The model washen extended ta 30year timeframe, from 2000 to 203@Because much
of the detailed cost information was taken from studies done in #t®@ear was chosen as the
initial period. Thisprovided &-year historical window with which to compare model outputs
with actual Ltion battery costsas well as a check for the 2000 studies againsttiuy from
2007. The model was used &valuate hw the Liion battery cost curve may evolve under
variouscircumstancesy developing possible scenarios of how each of the cost drivers may
change over timeEach of these scenarimzsdescribed in the RESULTS section of this
document.

Outside the scopef the modelthe breakevenperkWh cost of the battery pack was
calculated for vehicles with various levels of powertrain electrificab@ara range of fuel
prices. The breakven cost is the cost at which the pizemium demanded for the eleaed
vehicleover a conventional internal combustion engine (ICE) velsatempletely offsebver
the operating life of the vehicley lower fuel costs and (for PHEVs and EVs) the lowerrpie
cost of electricity compared to gasolinghis calculatiorindicates the level to which battery
costs must fall in order for HEVs, PHEVs, and EVs to be economically competitive with their
conventional counterpartd.his analysis was done using both a-gstounted breakven
analysis framework, and a method tbansiders the time value of money and the mileage

patterns of vehicles over time.

" The studies byGaines & Cuenca, 200@)d (Kalhammer, et al., 200&pnsidered both higkenergy ad high
power Liion batteries, while the study b§Anderman, et al., 2000nplicitly considered only highnergy batteries
as it focused solely on EVs. The model being developed here could be used-foowégtLiion batteries as well,
though the costper-energy ($/kWh) metric which is output is less meaningful for such battery type.
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RESULTS

Level of Cost Category Total
Integration Materials Manufacturing [ Other | ($/kWh)

Cost Breakdown

The model Cell 734.53 23.15 86.90
Module
demonstrates that 771.79 26.77 86.90
Pack 864.38 31.68 230.27
materials dominate the Figure7: Costs for HigtEnergy L-lon Batteries ($/kWh) in Year 2000

costs for Liion batteries at the cellmodule, and pacKevel, accounting foapproximatey 75%
of packlevel costs This is expected, and is consistent vather current reggch Additionally,
cell-level materials cost account for approximately 85% of the-paed materials costFigure
7 showsthe total cost breakdown based on year 2000 batteymation In the figure, each

level of integration includes the level before it. (For example, mddutd costs include the

. . costs associated with the
Li-lon Battery Materials Cost Breakdown

1000.00 cells used to build the

900.00 Control/Safety Circuitry

module.) Additionallythe

Connections

800.00 Enclosure

Aot hero category

= Terminals
700.00 -

Enclosure

costs that cannot easily be

Yield Adjustment

000001 ;-_p;\ldj!jstment H Container . -
S o | = Tabs, terminals attributed to a specific level
- Polyethylene
000, T  Lithium salt of integration. The moe|
u Copper foil
20000 = Binder (PVFD) used here assumes a 35%
j:ﬂnaotiia\s M Graphite
20000 = Aluminum foil gross margin as suggested
| cathode ® Additives (Carbon)
100.00 Materials B Binder (PVFD) in (Gaines & CuenCa,
B Active Material

0.00

' 2000) 19% of which is

Cell Level Module Level Pack Level

Figure8: Materials Cost Breakdown for dlon Batteries attributed tathe celtlevel
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for corporate overhead and R&D, and the remaining 16% attributbe tmackievel for
marketing, transportation, warranty costs, and profit
Figure8 illustrates the materials cost breakdown at the gethodule, and paclevel.
The obvious resulit the cellevelisthatt he Ayi el d adj ust mentas domi n:
to celllevel materials cost. Téyield adjustment represents the extra cost due to manufactured
battery cells which do not meet the quality control requirements mandated by the automotive
industry and is essentially the result of dividing the other-lesiel materials cost by the
manufacturingsield. The manufacturing yield in the baseline year is assumed here to Hé 60%.
It is apparent that increased manufacturing yield is a critical factor in reducing battery costs at

the celtlevel.

Li-lon Battery Manufacturing Costs Breakdown Thesecomu-most

30.00

significant cost component at

the celllevel isthe cathode

25.00

Pack Assembly active material. Othegell-
20.00 Module Assembly
Yield Adjustment level cost contributorsnclude
Testing, cycling, packing
g 1500 | inspection the lithium salt used in the
ry Cell Assembly

B Cutting, winding, welding tabs electrolyte and graph'te used

M Calendaring / slitting

10.00 -
Mixing & coating

for the anode The most

W Calendaring / slitting

B Mixing & coating

5.00 dominant contributor to

materialscost at the moduie
0.00

Cell Level Module Level Pack Level

level is the cost of the cells

Figure9: ManufacturingCost Breakdown for Lion Batteries

2 Unfortunately, manufacturing yield is one of the parameters that is closely guardeeidoy thattery
manufacturers. Conversations with im@luals close to the industry suggest that yields may currently be less than
50%, given the high quality constraints mandated by the automobile industry.
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themelves, followed by the cost of timeodule enclosurand terminals At the pacKevel,

nearly all of the peenegy costof materials fola Li-ion batteryis attributed to moduléand cell)

costs with the remainder attributed to pack enclosure, connestaord the control system

The manufacturing cost breakdovar each of theéhree levels ointegration is shown in

Figure9. Similarly to the materials breakdown, the dominant-leslel cost component for

manudacturing is the yield adjustment. Otheamufacturing costs at the cédivel are fairly well

distributed among each step of the cell production prodessenergy nanufacturing costat

the moduleand pacKevel are comprised of assembly at eachlle¥etegration, though these

costs are less significant than the costs attributed to thiecell

250.00

200.00

150.00

$/kWh

100.00

50.00

0.00

Cell Level

Pack Level

Li-lon Battery "Other" Costs Breakdown

m Profit

W Warranty

M Transportation
m Marketing
HR&D

m Corporate O/H

Figurel0: "Other" Costs Breakdown for Hon Batteries

Other costs are broken down at
the cell and pacKevel as previously
mentioned, and illustrated in Figure 10.
Note that no costs in this category are
attributed to the moduleevel. Itis
assumed that module production is
performed either by the cell
manufacturer or by the pack
manufacturer.The large majority of
cell-level costs in this category are due
to research and developmewtile the

largestcostcontributors athe pack

level are warranty costs and profit to the battery manufacturer.
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In examiningthe cost structure foki-ion batteres it is important to understand the effect
that changes in the cost for each component has on the @eostadif the batteryBased on the
previously discussed cost breakdown, ghemost significantdrivers of total battery costrethe
manufacturing yieldthe cathode active materiaghelithium salt used in the electrolyteell-
level R&D, warranty cost, andgraphite for the anodeDbviously,a reduction in the cost the
component which accounts forethargest share of battery cestl have the greatest impach
overall battery coshowever, t is important to notéhatreductions of any realizémagnitude
in anysingle cost drivewill likely not achieve significant reductions in total battery cogso
of note is the significant impact that manufacturing yielddra®tal battery cost, eesult that
was described earliedts impact arise from the multiplicative effect that it has on other
materials and manufacturing cosi®us, if anysubstantiatost reduction is to be achieved, it
must be accomplished layincrease in manufacturing yields coupled vd#ctreases in the costs
of multiple components among the materials, processes, and other costs associatemmith Li
batteries.

Battery @st reductions may arise primarily through two mechanisms: economies of scale
associated with increased production volume, and technological maadtls. Manufacturing
yields will likely improve through the learnifgy-doing process associated with economies of
scale, though technological breakthroughs in the manufacturing process may also play a role.
The cathode active material may be subjetiatit effectsas well perunit costfor cathode
materials is highly sensitive to quantity purcha@gdines & Cuenca, 2000and traditionally
expansive cathode materials such as colaid nickelbased oxides could be replaced with less
expensive materials such as irdelectrolytes and anode materials could also experience cost

reductions from both effects, though economies of scale will likelhbe overriding factor for
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both. Research and development costs are currently high, and may remain so until the result of
such R&D manifests itself in the production of batteries that are acceptable for automotive
applications across the spectrum of gmekgories.Finally, warranty costs will decrease once

the technology, both from a materials standpoint and manufacgiangpointbecomes mature,

driven primarily by increased production volume.

Scenario Analysis
As shown inFigurell, the historical peenergy cost for Lion batteriegor consumer
electronicshas decreased rather steadily, though the rate of decrease has diminished in the last

decade. The compound annual price decrease for the p888d 2005 is 9.9%while for the

period 2002 2005it

Li-lon Pricing and Energy Density, 1991-2005
Adapted from Buchman {2005) |S Only 54% The
225 3.60
200 - 4+ 320 . . ..
175 1N\ A 250 decline in Liion
150 \ / 2.40
& 125 M 200 & battery prices Is due
£ 100 ~ 1.60 ;é: —4—Wh/kg
75 1.20 ——USS/Wh H I t dl
primarily to rapidly
50 0.80
2 \hﬁz':ﬁ 040 increasegroduction
0 T T T T T T T T T T T T T T 0.00
FFEF IS FF TS volumein Asia, as
Figure11: Historical Prices and Specific Energy Trends féohiBatteries well as increased

packaging efficiencies
through better space utilization at ttedl-level (Beach, 2008) Based on thisleceleratindrend
of declining prices, a baseline scenario was andisat assumes a 4% per year decreatein
overall cosfor automotive Liion batteries.Two additional scenarios were considered: an
optimistic scenario in which substantial new investment is targeted to advanced battery

development, leading to breakblughs that accelerate the paceadt reductionas well as
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significant electrified vehicle adoption and cost reductions through economies of scale and
increased manufacturing yieldend a pessimistic scenario, which assumes no significant new
investmem, slow adoption of electrified vehicles, no significant technological breakthroaigtts,
potential constraints in raw materials supply and manufacturing capacity.

The optimistic scenario appears to be emerging as the more likely of the two extremes.
Reantly passefederal legislatiorallocates $villion for advanced battery manufacturing,
while other provisions such as taredits for PHEVs could have the effect of accelerating
market adoption of such vehiclé€Sonnenschein Nath & Rosenthal LLP, 200Burthermore,
the primary focus of current development efforts by battesinufacturers and auto makers is
costreduction®® As discussed earlier, numerous battery manufacturers and research labs are
actively pursuing new cathode active materials, anode mateleds;olytes, and separatoras
automotivescale Liion battey manufacturing ramps up, urgbsts for batteries will likely
decrease while manufacturing yields increase from the 60% assumed in the baseline doenario.
the optimistic scenaridhe cathodds assumed to have a 20% per year cost decrease, driven
largely by breakthroughs in low cost materials. &hede, electrolyte, and separator are each
assumed to havel®% per year cost decreagd.his is within the range, thougibove the
averageof the historical yearly cost reducticstefor consumer Liion batteries.) Additionally,
all manufacturing costs are assumed to be reduc&@b\per year, due to manufacturing
economies of scale and better processes through ledoyidging. Furthermore, corporate
overhead costs are assuhte decreaséy 10% per year on a pekWh basis, as small battery
manufacturers consolidate into larger corporate structures, reducing overall overhead. Warranty

costs as well are assumediecreasdy 10% per year as battery technology matures and fewer

¥ GM, slated to introduce its PHE¥ Chevy Volt in late 2010, is already working on subsequent ginmesaf
the Voltec platform Rather than attempting to increase the range or reduce the size of the battery in these
generations, the goal is to reduce the battery c(®tanco, 2009)
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faulty productsare diowed to reach the markeOther costs that are assumed to decrease include
the binders and additives used in the electrodes (5% per year, due to materials leverage), and
packaging and connections at the modated packevel (5% per year, due &fficiencies

gained through larger format automotive cell8)l other costs are assumedrtanain constant
Manufacturing yields are assumed to increase by 1% per year from the baseline.

The pessimistic scenario, on the other hand, is one in which any westrirent is not
significant. The previously mentioned-BRlion may in fact turn out to be inconsequential,
considering the projected cost for a single new battery manufacturing facility may equal that
amount(Clayton, 2009) Additionally, supply constraints and instability in regions where most
of t he wo-cdrbdnate is praducttiiasmel as commodity bull markets suchtees
oneearlier this decadeouldcause raw materials prices to increase rather than decline. The
pessimistic scenario used here assutmaisthecost forcathode active materiatitially
decreases at mte 0f5% per yearput eventually flattens out and incresibg up to 5% per year
in 2030 The cost for the anode material, electrolyte, and separator are assumed to decrease 5%
per year.Manufacturing costs are assumed to declinB%yper yeaKhalf of that assumed in
the optimistic scenariajue to slower production ramyp. Warrarty costs are assumed to
remain steady, with improvement in battery technology not enougfdtwe the replacement
rate for defective or lifetimeompromised batteriesvianufacturing yields are assumed to
increase 0.5% per year, half the rate of the aptimscenario.All other costs are asmed to

remain steady

“MuchoF GKS 62NI RQ&a f AGKAdzZY NBASNIDS A argumdht hasybeeh maderthat £ NS I A
theselithium reserves are finite, and cannot support a laggale ramgup in Liion automotive battery

production; however, it appears that lithiumserves may not be a constraint, but rather production capacity

could be a bottleneckEvans, 2008; Woulfin, 2008)
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Li-lon Battery Cost Scenario Analysis
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Figurel2: Possible Lion Battery Cost Pathways

Figurel2illustratesthe result of each of the previously described scenahoge that
the outcomes of the baseline scenario and the optimtgtiaso in 2030 tend to converge, while
the pessimistic scenamesults ina much lessignificant decrease in tlemergy cost of Lion
batteriesleveling off at approximately@0kWh and then increasingAdditional datapoints
areplotted n Figurel2, representing the result of applying a frequently cited cost/volume curve
taken from(Kromer & Heywood, 20070 a generally accepted industry projection of worldwide
electrified vehicleadoption taken fronfLache, et al., @08). (To account for the fact that this
cost/volume curve is specific to cédlvel manufacturea constant cell/pack cost rath@s used
to translate it to the padkvel.) These datgoints suggest that th@stmodeldeveloped here

may be too pessiistic. However, the market penetration data was produced prior to the drastic
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downturn in the automotive sector that began in 2008, so it may be the case that thesmtdata
are overly optimistic.Thefact that current (200§)acklevel estimates foadvanced Lion

batteries range from about $750/kWh to $1000/kWh seems to substantiate the latter possibility.
Additionally, the USABC battery cost goals for PHEW, PHE\V40, and pure EVareshownin
Figurel2. The relationship between these goals and potential battergcsosiriosndicated by

the model suggest that the PHEU goal will likely be met, and the PHEA0 goal could

potentially be met. However, both the minimum and {tevgh goals as defined lblye USABC

maybe too optimistic to be realizéx the next two decades

Comparison of Costs for Electrified Vehicles and Internal Combustion Vehicles

The cost of the battery pack makes up the
associated with electi#fd vehicles when compared with traditional internal combustion engine
(ICE) vehicles (Irwin, 2008) In addition to the battery coshis premium is due to the added
complexity ofothercomponents such #ise electric motora transmissiomwith powersplit
capability (for parallel hybrid architectures), regenerative braking functionetiéyging
electronics (for PHEVs and EVs), and control systeAssthe level of powertrain electrification
increases, thportion of the cost premium atbtited to the battery also increases efEifore the
cost of the battery pack is a key determinant in whether electrified vehiesgeciallyPHEVS
and EVsi canbecome economically viablél'he cost premium (including the battery cost) is
offsetto varying degreesluring the operating life of the vehicle lmwerfuel costs due to
reduced fuel consumption atite lower cost of electricity compared to gasoline. The magnitude

of this offset is highly dependent upon the assumption of operating life, laasviieé cost of
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gasoline. While operating life is assumétreto be 150,000 milés the volatility in gasoline

prices in recent years makes analysis of the economic viability of electrified vehicles at any one
fuel price meaninglessTherefore, the brak-evencost of the battery pack for various levels of
powertrain electrification was calculated for a ranf&uiel prices. The analysis was done using

numerous assumptions fraganderson, 2008and(Kromer & Heywood, 2007)which are

summarize in Figure13.*°

Mies m Miles
Battery Cost Premium Utility Factor Charge- Charge-
CD-Mode Capacity (excluding (% Miles in Depleting Sustaining
Vehicle Type Range (kWh) battery) CD Mode) (CD) Mode (CS) Mode
HEV-0 0 1.5 $1,500 0% 0 150,000
PHEV-10 10 4 31,625 18% 27,000 123,000
PHEV-20 20 6 31,750 31% 46,500 103,500
PHEV-30 30 8 $1,875 42% 63,000 87,000
PHEV-40 40 12 $2,000 51% 76,500 73,500
PHEV-60 60 16.5 $2,250 63% 94,500 55,500
BEV-200 200 48 $300 100% 150,000 0
Vehicle Lifetime (miles) 150,000 ICE vehicle fuel efficiency (mpg) 25
Cost of Electricity ($/kwh) 0.10 HEV vehicle fuel efficiency (mpg) 45

Figurel3: Assumptions for Battery Breakven Cost Calculations

The results are illusited n Figure14, along wih the cost range for tibn batteries as
calculated by the coshodel for 2009 As expected, higher gasoline prices allow electrified
vehicles to be costompetitive with higher battery costBoththe sensitivity of this cost
competitiveness to fuel priceasd the battery breakven pricds higherfor lower levels of
powertrain electrificatiofi.e., at a given fueprice, lower levels of electrification do not require
battery energy coste beas low as higher levels of electrificatiorfor exampleat a July 2008
fuel price of $4.09/gallon, a PHEMO (plugin hybrid electric vehile with a 40mile charge
depleting range, such as the Chevy Volt) is -@mshpetitive at a battery cost of $50/kWh,
easily realized with current technology; however, only five months lateavétrage U.S. fuel

price was $1.69/gallon, at which point the PHEY battery would have to be approximately

®The NHTSA estimates the averageiliie mileage of the passenger car fleet in the U.S. to be 152,137 miles
(National Highway Traffic Safety Administration, 2006)

1% additionally, it is assumed that a B8O has an energy efficiency of 4 miles/ kWh, and that a PHEV achieves
efficiency equal to that of a BEX0DO while in chargelepleting mode, and that of an HEV while in chasgstaining
mode.
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$300/kWh, considerably lower than projected battery costs in the neal’ t&onventional

hybrid (HEV-0) vehicles, with a breag&ven batterycostfo $2, 000/ kWh even at
gasoline prices, are economically competitive at virtually any reasonable battenpicthst.

opposite extreme, pure electric vehicles with a-20le range (BEV200) require aggressive

battery cost reductions at alldl prices in order to be economically viable.

Figurel4: Battery BreakEven Costs
The previous analysis assumes that the besak point is théattery price at which fuel
costsavings equals the premium paid for the electrified vehicle upon purchase. This fails to take
into account th fact that the premium is paid initially, while the fuel esstings occur over the

life of the vehicle Generally, people demonstrate a rate of time preference, favoring present

" Historical tiel prices are taken frorfEnergy Information Administration, 2009)
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