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bstract

A 1D electrochemical, lumped thermal model is used to explore pulse power limitations and thermal behavior of a 6 Ah, 72 cell, 276 V nominal
i-ion hybrid-electric vehicle (HEV) battery pack. Depleted/saturated active material Li surface concentrations in the negative/positive electrodes
onsistently cause end of high-rate (∼25 C) pulse discharge at the 2.7 V cell−1 minimum limit, indicating solid-state diffusion is the limiting
echanism. The 3.9 V cell−1 maximum limit, meant to protect the negative electrode from lithium deposition side reaction during charge, is overly

onservative for high-rate (∼15 C) pulse charges initiated from states-of-charge (SOCs) less than 100%. Two-second maximum pulse charge rate
rom the 50% SOC initial condition can be increased by as much as 50% without risk of lithium deposition. Controlled to minimum/maximum
oltage limits, the pack meets partnership for next generation vehicles (PNGV) power assist mode pulse power goals (at operating temperatures
16 ◦C), but falls short of the available energy goal.
In a vehicle simulation, the pack generates heat at a 320 W rate on a US06 driving cycle at 25 ◦C, with more heat generated at lower temperatures.
ess aggressive FUDS and HWFET cycles generate 6–12 times less heat. Contact resistance ohmic heating dominates all other mechanisms,
ollowed by electrolyte phase ohmic heating. Reaction and electronic phase ohmic heats are negligible. A convective heat transfer coefficient of
= 10.1 W m−2 K−1 maintains cell temperature at or below the 52 ◦C PNGV operating limit under aggressive US06 driving.
2006 Elsevier B.V. All rights reserved.
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. Introduction

While much understanding of internal processes and limi-
ations of Li-ion batteries has come from fundamentally based

odels [1–10], until recently none of those models had been
xtended to describe batteries designed for hybrid-electric vehi-
les (HEVs) [11]. The majority of the literature is instead
evoted to predicting energy available and heat generated at
arious discharge rates beginning from the fully charged state.
lthough relevant to cell phone, laptop, and perhaps electric
ehicle batteries, such works offer little insight into physical

imitations expected under HEV operation where batteries are
sed as a transient pulse power source, cycled about a relatively
xed state of charge (SOC).
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Pulse power requirements for HEV batteries are generally
pecified in terms of a characteristic time, rather than maxi-
um C-rate. Partnership for next generation vehicles (PNGV)

nergy storage program goals [12] in power assist mode tar-
et a 25 kW pulse discharge power capability lasting 18 s and a
0 kW pulse charge capability lasting 2 s. Within the SOC oper-
ting range capable of meeting the power goals, a minimum of
.3 kWh energy must be available. PNGV test procedures dictate
he use of hybrid pulse power characterization (HPPC) test data
o parameterize an equivalent circuit model with a polarization
esistance for the characteristic pulse duration. The equivalent
ircuit model is then used to extrapolate those test results to
efine maximum 18 s discharge and 2 s charge current-rate capa-
ility. While the method is quick and practical to implement, cau-

ion should be exercised when extending any empirical model
utside its region of validation. In contrast, full experimental
haracterization provides the best accuracy with the obvious
rawback of requiring several hundred hours of testing.
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Nomenclature

as active surface area per electrode unit volume
(cm2 cm−3)

A electrode plate area (cm2)
c volume-averaged concentration of lithium in a

phase (mol cm−3)
D diffusion coefficient of lithium species (cm2 s−1)
Eact activation energy (J mol−1)
F Faraday’s constant, 96,487 C mol−1

h convective heat transfer coefficient (W m−2 K−1)
i0 exchange current density of an electrode reaction

(A cm−2)
I applied current (A)
j reaction current resulting in production or con-

sumption of a species (A cm−3)
ls diffusion length of lithium in solid phase (cm)
L cell width (cm)
qc ohmic heat generation rate due to contact resis-

tance (W)
qj ohmic (joule) heat generation rate of solid and

electrolyte phases (W)
qr heat generation rate of electrochemical reaction

(W)
r radial coordinate along active material particle

(cm)
R universal gas constant, 8.3143 J mol−1 K−1

Rf film resistance on an electrode surface (� cm2)
Rs radius of solid active material particles (cm)
t time (s)
t0+ transference number of lithium ion with respect

to the velocity of solvent
T absolute temperature (K)
U open-circuit potential of an electrode reaction (V)
x negative electrode solid phase stoichiometry and

coordinate along the cell width (cm)
y positive electrode solid phase stoichiometry

Greek symbols
αa, αc anodic and cathodic transfer coefficients for an

electrode reaction
ε volume fraction or porosity of a phase
η surface overpotential of an electrode reaction (V)
κ conductivity of an electrolyte (S cm−1)
κD diffusional conductivity of a species (A cm−1)
σ conductivity of solid active materials in an elec-

trode (S cm−1)
φ volume-averaged electrical potential in a phase

(V)
Ψ generic physiochemical property

Subscripts
e electrolyte phase
max maximum value
ref with respect to a reference state
s solid phase

s,avg average, or bulk solid phase
s,e solid/electrolyte interface
sep separator region
− negative electrode region
+ positive electrode region
0% zero state of charge (fully discharged) reference

state
100% 100% state of charge (fully charged) reference

state

Superscripts
eff effective
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Li lithium species

Thermal behavior of Li-ion batteries has been of interest due
o their potential for thermal runaway and explosion under high
emperature operation. Researchers have approached the prob-
em through both experiment and modeling [8,9,13–19]. Nelson
t al. [19] used a lumped-parameter model to explore the abil-
ty of HEV cell designs of various geometry to meet PNGV
ower and thermal requirements. Coupled with a vehicle simula-
or, Nelson’s model predicted a worst-case cooling requirement
f 250 W on a modified HWFET driving cycle, with normal
WFET speeds multiplied by 1.3 to simulate aggressive, high

peed driving.
Smith and Wang [11] recently extended a previously devel-

ped [8] 1D electrochemical, lumped thermal Li-ion battery
odel to describe a 72 cell, 276 V nominal, 6 Ah HEV battery

ack. Validated against 1 C discharge and charge, HPPC, and
riving cycle data sets, the model is used in this work to pre-
ict battery pack power rate capability with respect to PNGV
oals over a range of SOC and operating temperatures. Unlike
quivalent circuit models popular for HEV battery beginning-
f-life characterization [20], aging characterization [21,22], and
ontrol-law development [23–25], the model provides physical
xplanation of the limits of operation. Furthermore, the bat-
ery model is integrated into a vehicle simulator to quantify and
xplain battery heat generation rates expected in a midsize pas-
enger car application for a range of driving cycles and operating
emperatures.

. Mathematical model

Shown in Fig. 1, the 1D Li-ion cell model consists of three
egions—the negative composite electrode (with LixC6 active
aterial), an electron-blocking separator, and positive com-

osite electrode (with a metal oxide active material such as
iyCoO2). During discharge, lithium ions inside of solid LixC6
articles diffuse to the surface where they react and transfer
rom the solid phase into the electrolyte phase. The positively

harged ions travel via diffusion and migration through the elec-
rolyte solution to the positive electrode where they react and
nsert into solid metal oxide particles. Electrons follow an oppo-
ite path through an external circuit or load. Here, we briefly
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Fig. 1. Schematic of 1D (x-direction) electrochemical cell model with coupled
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able 1
D electrochemical model equations

onservation equations

pecies, electrolyte phase
∂(εece)

∂t
= ∂

∂x

(
Deff

e
∂

∂x
ce

)
+ 1 − t0+

F
jLi

pecies, solid phase
∂cs

∂t
= Ds

r2

∂

∂r

(
r2 ∂cs

∂r

)

harge, electrolyte phase
∂

∂x

(
κeff ∂

∂x
φe

)
+ ∂

∂x

(
κeff

D
∂

∂x
ln ce

)
+ jLi = 0

harge, solid phase
∂

∂x

(
σeff ∂

∂x
φs

)
= jLi

lectrochemical kinetics
Reaction rate

Overpotential

ffective properties
Electrolyte ionic diffusivity

Electrolyte ionic conductivity

Electrolyte ionic diffusional conductivity

Solid phase electronic conductivity

Specific interfacial surface area
er Sources 160 (2006) 662–673

ummarize that 1D electrochemical model and introduce the
oupled lumped thermal model.

.1. 1D electrochemical model

The 1D domain is subdivided into electrolyte and solid
hases, denoted by subscripts e and s, respectively. The elec-
rolyte phase is continuous across the cell domain while the
olid phase exists only in the negative and positive electrodes.
harge (e−) conservation governs phase potentials, φe and φs,
hile Li species conservation governs phase concentrations, ce

nd cs. A Butler–Volmer kinetic equation couples charge and
pecies governing equations by describing the volume-specific
ate of reaction, jLi, occurring at the solid/electrolyte interface
s a function of overpotential, η. Overpotential is defined as
he difference between solid and electrolyte phase potentials,

inus the solid phase equilibrium potential, or η = φs − φe − U,
here local equilibrium potential, U, is a strong function of

olid phase Li concentration at the solid/electrolyte interface,
s,e. The rate at which solid phase Li species diffuse from inner
ulk regions of active material particles to the surface is the pre-
ominant limiting mechanism during high rate discharge [11,26]
f the cell studied in this work. (Note that we use the terms
solid/electrolyte interface” and “solid particle surface” inter-
hangeably.)

Cell terminal voltage is the difference in solid phase potential

etween the two current collectors, minus an ohmic drop due to
ontact resistance, or

= φs|x=L − φs|x=0 − Rf

A
I. (1)

Boundary conditions

∂ce

∂x

∣∣∣
x=0

= ∂ce

∂x

∣∣∣
x=L

= 0

∂cs

∂r

∣∣∣
r=0

= 0, −Ds
∂cs

∂r

∣∣∣
r=Rs

= jLi

asF

∂φe

∂x

∣∣∣
x=0

= ∂φe

∂x

∣∣∣
x=L

= 0

−σeff−
∂φs

∂x

∣∣∣
x=0

= σeff+
∂φs

∂x

∣∣∣
x=L

= I

A
,

∂φs

∂x

∣∣∣
x=δ−

= ∂φs

∂x

∣∣∣
x=L−δ+

= 0

jLi = asio

{
exp

[
αaF

RT

(
η − RSEI

as
jLi

)]
− exp

[
−αcF

RT

(
η − RSEI

as
jLi

)]}
η = φs − φe − U

Deff
e = Deε

p
e

κeff = κε
p
e

κeff
D = 2RTκeff

F
(t0

+ − 1)
(

1 + d ln f±
d ln ce

)

σeff = εsσ

as = 3εs

rs
= 3(1 − εe − εp − εf)

rs
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Table 2
1D electrochemical model parameters

Parameter Negative
electrode

Separator Positive
electrode

Design specifications (geometry
and volume fractions)

Thickness, δ (cm) 50 × 10−4 25.4 × 10−4 36.4 × 10−4

Particle radius, Rs (cm) 1 × 10−4 1 × 10−4

Active material volume fraction, εs 0.580 0.500
Polymer phase volume fraction, εp 0.048 0.5 0.110
Conductive filler volume fraction, εf 0.040 0.06
Porosity (electrolyte phase volume fraction), εe 0.332 0.5 0.330

Solid and electrolyte phase Li+

concentration
Maximum solid phase concentration, cs,max

(mol cm−3)
16.1 × 10−3 23.9 × 10−3

Stoichiometry at 0% SOC: x0%, y0% 0.126 0.936
Stoichiometry at 100% SOC: x100%, y100% 0.676 0.442
Average electrolyte concentration, ce (mol cm−3) 1.2 × 10−3 1.2 × 10−3 1.2 × 10−3

Kinetic and transport properties Exchange current density, i0 (A cm−2) 3.6 × 10−3 2.6 × 10−3

Charge-transfer coefficients, αa, αc 0.5, 0.5 0.5, 0.5
SEI layer film resistance, RSEI (� cm2) 0 0
Solid phase Li diffusion coefficient, Ds (cm2 s−1) 2.0 × 10−12 3.7 × 10−12

Solid phase conductivity, σ (S cm−1) 1.0 0.1
Electrolyte phase Li+ diffusion coefficient, De

(cm2 s−1)
2.6 × 10−6 2.6 × 10−6 2.6 × 10−6

Bruggeman porosity exponent, p 1.5 1.5 1.5
Electrolyte phase ionic conductivity, κ (S cm−1) κ = 15.8ce

exp(−13472c1.4
e )

κ = 15.8ce

exp(−13472c1.4
e )

κ = 15.8ce

exp(−13472c1.4
e )

Electrolyte activity coefficient, f± 1.0 1.0 1.0
Li+ transference number, t0+ 0.363 0.363 0.363

Parameter Value

Equilibrium potential Negative electrode, U− (V) U−(x) = 8.00229 + 5.0647x − 12.578x1/2 − 8.6322 × 10−4x−1 + 2.1765
× 10−5x3/2 − 0.46016 exp[15.0(0.06 − x)] − 0.55364 exp[−2.4326(x − 0.92)]

Positive electrode, U+ (V) U+(y) = 85.681y6 − 357.70y5 + 613.89y4 − 555.65y3 + 281.06y2 − 76.648y −
0.30987 exp(5.657y115.0)+13.1983

Plate area-specific parameters Electrode plate area, A (cm2) 10452
Current collector contact resistance, 20
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onservation equations and constitutive relationships used in
he electrochemical model are summarized in Table 1 with cor-
esponding parameter and property values listed in Table 2.

.2. Lumped thermal model

Physiochemical property values are made temperature-
ependent, coupling the 1D electrochemical model to the
umped thermal model. An Arrhenius equation defines the tem-
erature sensitivity of a general physiochemical property, Ψ , as

= Ψref exp

[
EΨ

act

R

(
1

Tref
− 1

T

)]
, (2)

here Ψ ref is the property value defined at reference temperature
ref = 25 ◦C.
Activation energy, EΨ
act, thus controls the temperature sensi-

ivity of each individual property, Ψ .
Conservation of energy for a Li-ion cell with lumped thermal

apacity balances accumulation, convective heat dissipation, and

q

N
i

eat generation terms as

d(ρcpT )

dt
= hAs(T − T∞) + (qr + qj + qc)A (3)

o describe the evolution of cell temperature, T, with time. In
q. (3), h is the heat transfer coefficient for forced convection

rom each cell, As is the cell surface area exposed to the convec-
ive cooling medium (typically air), and T∞ is the free stream
emperature of the cooling medium.

Total heat generated is taken as the sum of reaction and joule
ohmic) heats. Volume-specific reaction heat generated in a finite
ontrol volume is equal to reaction current, jLi, times overpoten-
ial, η. The total reaction heat, qr, is calculated by integrating the
ocal volume-specific reaction heat across the 1D cell domain
nd multiplying by plate area, A, or

∫ L
r = A
0

jLi(φs − φe − U) dx. (4)

ote that there is no reaction, and thus no reaction heat generated
n the separator region.
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state. A constant discharge current is applied at simulation time
t = 0 and, due to ohmic limitations, the cell voltage response
immediately departs from open circuit potential.
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Ohmic heats arise in each finite control volume due to the
urrent carried in each phase and the limited conductivity of
hat phase. This i2R (or i2/σ)-type heating is expressed in terms
f potential gradients by utilizing the conservation of charge
elationship for each phase. We integrate local volume-specific
hmic heats across the 1D cell domain to calculate total ohmic
eat, qj, as

j = A

∫ L

0
σeff

(
∂φs

∂x

)2

+ κeff
(

∂φe

∂x

)2

+ κeff
D

(
∂ ln ce

∂x

) (
∂φe

∂x

)
dx. (5)

he first term inside the integral of Eq. (5) expresses ohmic
eat of the solid phase; the second and third terms express that
f the electrolyte phase. Note that while the first and second
erms are always positive, the third term is generally negative,
ince Li+ ions carried via diffusion in the electrolyte solution
erve to reduce the ionic current (migration) in that phase. In the
bsence of electrolyte depletion (where local values of ce → 0),
he diffusional conductivity term has much smaller magnitude
han the ionic conductivity term.

Additional ohmic heat arises from a contact resistance,
f = 20 � cm2, between current collectors and electrodes.
otal heat generated in the cell due to contact resistance,
c, is

c = I2 Rf

A
. (6)

ince contact resistance, Rf, represents an empirical parameter
n an otherwise fundamentally based model we list qc sepa-
ately in Eq. (3) from the previously mentioned ohmic heats,
j.

Reversible heating is neglected in this work both due to a lack
f empirical data on the open-circuit voltage/temperature rela-
ionship of the two electrodes and also due to its insignificance in
EV applications. Srinivasan and Wang [9] incorporated empir-

cal data from LixC6 and LiyMnO4 electrodes into a 2D Li-ion
ell model and showed the reversible heating effect, important
t low discharge rates, to be dominated by irreversible (reaction
nd ohmic) heating at high discharge rates. As further grounds
or neglecting reversible heats in the present work, we note that
n HEV application, a battery pack is cycled about a relatively
xed SOC. As open-circuit potential rises and falls with SOC,

he reversible heat effect will alternately heat and cool the cell as
ictated by the slope of the open-circuit potential/temperature
elationship, ∂U/∂T. Over a typical driving cycle where the bat-
ery pack is alternately charged and discharged the net reversible
eat effect will be near zero.

.3. Numerical solution
The 1D macroscopic domain is discretized into approxi-
ately 50 control volumes. Five governing equations are solved

imultaneously for field variables ce, cs,e, φe, and φs, and lumped
ell temperature T. Current is used as the model input with
oundary conditions applied galvanostatically.

F
c
d
r
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.4. Battery pack model

In adapting the single cell model to model a battery pack
onsisting of 72 serially connected cells, we make no attempt
o account for cell-to-cell differences arising from manufactur-
ng variability or temperature distributions within the pack. We
ssume cell construction, SOC, and temperature to be uniform
hroughout the pack. Battery pack voltage is calculated by mul-
iplying the single cell voltage of Eq. (1) by 72.

. Results and discussion

.1. Pulse current limitations

HEV batteries transiently source and sink power in short
ulses within a narrow SOC operating range, never using their
ntire available stored energy. PNGV test procedures [12] rate
ulse power in terms of maximum current available for a given
ulse length from a given SOC initial condition. The pulse length
s chosen to be characteristic of typical vehicle acceleration (dis-
harge) and deceleration (charge) events, in this case 18 and 2 s,
espectively. To avoid complication of voltage–current interac-
ion and ensure test repeatability, PNGV test procedures measure
ulse power using constant current rather than constant power
ests. End of discharge/charge is declared when the cell terminal
oltage reaches predefined limits, in this case 2.7 V cell−1 on
ischarge and 3.9 V cell−1 on charge.

The bottom portion of Fig. 2 presents the simulated voltage
esponse of 18 s maximum current discharge events initiated
rom various SOC initial conditions. For each event, successive
imulations were run iteratively to find the discharge current rate
hereby cell voltage hits the manufacturer’s 2.7 V minimum

imit at exactly 18 s. All simulations are begun from the rest
ig. 2. Voltage response for maximum 18 s pulse current discharge and 2 s pulse
urrent charge events initiated from various SOC initial conditions. End of 18 s
ischarge and 2 s charge cases are defined at limits of 2.7 and 3.9 V cell−1,
espectively.
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By substituting η = φs − φe − U into Eq. (1) we can express
ell voltage as a difference in overpotential, open circuit poten-
ial, and electrolyte phase potential between the two current
ollectors

= η|x=L − η|x=0 + U+|x=L − U−|x=0

+ φe|x=L − φe|x=0 − Rf

A
I. (7)

t rest, with all electrolyte and solid phase concentration gradi-
nts fully relaxed, cell terminal voltage is equal to open circuit
oltage, Uoc = U+|x=L − U−|x=0, and is a direct function of
OC. When a discharge/charge current is applied, immediate
hmic perturbation from open circuit voltage occurs, dominated
y contact resistance, Rf, and electrolyte phase Li+ resistance
cross the separator, 1/δsκ. As discharge/charge continues, three
echanisms contribute to voltage polarization observed at the

ell terminals: (i) establishment of an electrolyte concentration
radient across the cell causes the difference in electrolyte phase
otential, φe|x=L − φe|x=0 to grow; (ii) establishment of solid
hase concentration gradients within active material particles
eighboring the current collectors cause local open circuit poten-
ials, U|x=0 and U|x=L, to rise or fall; and (iii) electrochemical
eaction, initially favored at inner cell regions near the separa-
or, redistributes across the electrodes back towards the current
ollectors. As reaction increases at the current collectors, further
verpotential at those locations, η|x=0 and η|x=L, is required to
rive reaction.

To illustrate that the cell is only mildly limited by Li+ trans-
ort in the electrolyte phase on discharge, each constant current
imulation is again run with the electrolyte diffusion coefficient,
e, raised from the nominal value of 2.6 × 10−6 to 1.0 cm2 s−1,

rtificially removing electrolyte phase diffusion limitations from
he model and resulting in uniform distribution of electrolyte
oncentration regardless of current level. Fig. 2 shows that elec-
rolyte diffusion effects are apparent in cell voltage response
nly at very high levels of current (>150 A, or 25 C rate). Pseudo
teady-state electrolyte concentration gradients are established
fter approximately 10 s at all current rates. For this particular
ell design, electrolyte concentration gradients have little influ-
nce in predicting end of discharge.

The top portion of Fig. 2 displays the simulated volt-
ge response of 2 s maximum charge current events with a
.9 V cell−1 cutoff criteria initiated from various SOC initial
onditions. As before, the model is rerun at the same cur-
ent level for each 2 s charge case with electrolyte diffusion
imitations artificially removed. Also plotted in Fig. 2, those
esults directly overlay the nominal voltage responses and are
ndistinguishable. Electrolyte concentration gradients have no
nfluence in predicting of end of charge due to the short dura-
ion of the charge event and the low magnitude of the current
ulse.

Having concluded that electrolyte diffusion only weakly

ffects this cell’s transient performance, we now focus on the
ore important physical cell limitations occurring at the upper

nd lower cutoff voltages. On discharge, the cell’s rate capabil-
ty is limited by the rate at which Li ions within active material

u

c
t

ig. 3. Active material (solid phase) bulk and surface Li concentrations at vari-
us times during the 160 A discharge from 50% SOC shown in Fig. 2. From left
o right, the cell regions are negative electrode/separator/positive electrode.

articles can travel to (or from) the particle surface to supply the
xtraction reaction at the negative electrode/electrolyte interface
nd the insertion reaction at the positive electrode/electrolyte
nterface. Once the supply of Li ions near the surface of each
ctive material particle is exhausted (or saturated), the local
quilibrium potential drops off and further discharge cannot be
ustained. This solid diffusion limitation is observable at the cell
erminals when the cell voltage rapidly drops off and the 2.7 V
ower cutoff voltage thus represents a practical physical limit.
n contrast, no physical barrier to cell charging exists above the
anufacturer specified 3.9 V upper limit. Instead, the upper volt-

ge limit is meant to protect the cell from side reactions such
s lithium deposition in which Li+ from the electrolyte phase
egins to plate at the solid particle surface causing growth of
he so-called solid/electrolyte interface (SEI) layer. While the

ajority of the SEI layer is irreversibly formed during the first
ew cycles of the cell, continued growth of the layer is thought
o be the primary cause of power-rate degradation over the life
f a cell.

To graphically illustrate the physical limitation of solid phase
iffusion on discharge, Fig. 3 presents distributions of solid
hase concentration across the 1D cell domain at various times
uring the 18 s 160 A discharge from 50% SOC. Beginning from
uniform solid phase stoichiometry of x = cs−/cs,max− ≈ 0.4, Li

ons de-insert from negative electrode active material particles
ntil at 18 s when the supply at the surface is almost completely
xhausted. At end of discharge plenty of Li still exists in the
nner regions of those particles as evidenced by the bulk (or
verage) solid phase concentration distribution at 18 s. The dif-
usional transport of ions from the inner regions to the surface
f the LixC6 solid particles is too slow however, to continue
o sustain the high 160 A (26.7 C) discharge rate. The oppo-
ite effect occurs in the positive electrode where the insertion
eaction drives active material surface concentration to near sat-

ration.

The end of 18 s discharge from all SOC initial conditions is
onsistently marked by negative electrode surface stoichiome-
ries in the range of x = 0.025–0.06 (near depletion) and positive
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Fig. 4. Distribution of reaction current at various times during the 160 A dis-
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φ − φ = 0. (8)
harge from 50% SOC shown in Fig. 2. From left to right, the cell regions are
egative electrode/separator/positive electrode.

lectrode surface stoichiometries in the range of y = 0.9–0.985
near saturation). As solid phase surface concentrations at the
urrent collector interfaces, cs,e

∣∣
x=0 and cs,e

∣∣
x=L

, approach
heir respective depleted/saturated conditions, a strong drop in
pen circuit potential, Uoc = U+|x=L − U−|x=0, is observed in
he cell terminal voltage. The manufacturer’s 2.7 V cutoff speci-
cation adequately captures the depletion/saturation of negative
lectrode/positive electrode surface concentrations marking the
nd of available discharge. By characterizing maximum dis-
harge current over a range of pulse lengths, Smith and Wang
26] showed that solid diffusion continues to limit this cell’s per-
ormance for pulses as short as 10 s. For shorter pulse lengths,
hmic limitations begin to play a more dominant role.

Bulk solid phase concentration remains almost uniformly
istributed across each electrode throughout the duration of
ischarge. Surface concentrations, however, vary across the elec-
rodes dependent upon the spatial distribution of reaction current
ver time. Fig. 4 depicts the evolution of reaction current across
ach electrode as the 160 A discharge from 50% SOC progresses
n time. In the negative electrode at 0 s, the majority of reac-
ion occurs near the separator while little reaction occurs at the
urrent collector (x/L = 0). The solid phase is a much better con-
uctor than the electrolyte phase and reaction distributes such
hat Li+ ions follow the shortest total path length through the
lectrolyte phase to the opposite electrode. The high level of
eaction at the separator causes the solid phase surface con-
entration, cs,e, to drop most rapidly at that location. As time
rogresses a negative solid phase surface concentration gradient,
cs,e/∂x, builds across the electrode resulting in a positive gra-
ient in local equilibrium potential, ∂U−/∂x. Reaction becomes
ess favorable near the separator and is redistributed over time
ack towards the current collector. The rapid decrease of reac-
ion at the negative electrode/separator interface visible between
.5 and 1.0 s is cause by the nonlinear dependence of exchange
urrent density on solid phase surface concentration. Without

his nonlinearity (i.e. at very low rates of discharge), reaction
urrent would more smoothly transition from the steep profile
t 0 s to a uniform one 20–30 s later.

W
f

er Sources 160 (2006) 662–673

Fig. 4 shows a similar redistribution process occurring in
he positive electrode, though the initial peak is smaller and
he redistribution is faster. The initial peak in reaction occurring
ear the separator is smaller in magnitude compared to the nega-
ive electrode due to the positive electrode’s smaller solid phase
onductivity (σ+ = 0.1 S cm−1 versus σ− = 1.0 S cm−1). Reac-
ion current distribution tends towards uniform very quickly
ue to the strong coupling of local equilibrium potential with
ocal surface concentration, U+ = U+(cs,e). The slope of the
ositive electrode open circuit potential function is more than
even times greater than that of the negative electrode (e.g.
∂U+/∂cs| � |∂U−/∂cs|), causing faster redistribution [11].

Fig. 4 also shows the evolution of reaction current distribution
or a cell with infinite electrolyte diffusion. Local reaction rate is
eakly coupled to local electrolyte concentration in three ways:

i) exchange current density increases slightly with electrolyte
oncentration for Butler–Volmer kinetics; (ii) electrolyte phase
iffusional Li+ transport is enhanced once a concentration gradi-
nt, ∂ce/∂x, is established; and (iii) electrolyte ionic conductivity
s dependent on concentration, κ = κ(ce), which, under modest
lectrolyte concentration gradients predicted by the model for
his particular battery design, causes local conductivity to vary
cross the cell less than 25% from its mean value. These effects
re only weakly observed in the negative electrode reaction dis-
ribution where, on discharge, effect (ii) (promoting uniformity
f reaction) counteracts effects (i) and (iii) (promoting reac-
ion near the separator). In the positive electrode however, the
trong open circuit potential/solid phase concentration coupling
ominates weak dependencies on electrolyte concentration in
etermining reaction distribution.

Dynamics of cell charging are identical (though opposite in
ign) to those illustrated for cell discharging (Figs. 3 and 4), how-
ver during cell charging, current-rate capability is limited due
o the proximity of the cell’s open circuit voltage (3.6 V at 50%
OC) to the maximum voltage limit (3.9 V). No physical barrier

o cell charging exists at the maximum voltage limit. Even at
00% SOC, the negative and positive electrode stoichiometries
efined in Ref. [11] (x100% = 0.676 and y100% = 0.442) are far
rom respective saturation and depletion and further charge is
hysically possible beyond the 100% SOC reference point.

Raising the upper voltage limit would increase both charge
ower rate capability and overall capacity [27], though it may
ntroduce side reactions detrimental to the pack’s future rate
apability. Lithium deposition on the surface of negative elec-
rode LixC6 active material particles is the most common side
eaction attributed to capacity and power fade [1,28,29]. Arora
t al. [28] showed that designing a cell with sufficient excess
egative electrode and limiting the maximum allowable volt-
ge during charge are successful strategies for avoiding the
eposition reaction. The deposition reaction becomes thermo-
ynamically favorable when the difference between solid and
lectrolyte phase potentials becomes zero or
s e

e check this condition at the end of 2 s charge pulses initiated
rom various SOC initial conditions and, though the phase poten-
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Fig. 5. Difference between solid and electrolyte phase potentials in the negative
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lectrode at various times during 2 s constant current charge cases initiated from
arious SOC initial conditions. Values less than 0 V are expected to cause a Li
lating side reaction on the solid surface, degrading power rate capability.

ial difference does become progressively smaller approaching
00% SOC, it never reaches zero. The smallest value observed is
0.2 mV, occurring at the negative electrode/separator interface
t the end of the 2 s charge from 100% SOC. By comparison,
he smallest value observed at the end of the 2 s charge from
0% SOC is 90.4 mV. Both of these charge cases terminate at
he 3.9 V cutoff, though clearly the 50% SOC case leaves more

argin with respect to the lithium deposition condition of Eq.
8). A substantial portion of the voltage rise from 50% SOC is
hmic due to the large −101 A charging rate and the cell termi-
al voltage reaches the 3.9 V limit well before risk of lithium
eposition.

Fig. 5 shows the evolution of φs − φe distribution across the
egative electrode for the 2 s charge cases from 50% and 100%
OC, both ending at the manufacturer specified 3.9 V upper volt-
ge limit. In these and all other charge cases, the minimum value
f φs − φe occurs at the separator interface, also noted in [28].
ncreasing the charging rate from the 50% SOC initial condition,
e find that the cell can sustain a −155 A charge for 2 s and still
aintain the same degree of conservatism with respect to lithium

eposition as the 100% SOC case (φs − φe ≥ 80.2 mV). The lit-
rature generally agrees that the side reaction does not begin
ntil a potential of 0 mV with respect to that of metallic lithium
s reached. The experimental work of Verbrugge and Koch [29],
owever, suggests that, due to sluggish side reaction kinetics,
otentials as small as −200 mV can be tolerated for brief peri-
ds of time provided the particles are not fully intercalated. Here,
e observe that by lowering the lithium deposition limit from
0.4 to 80.2 mV (still quite conservative), the 2 s charging rate
rom 50% SOC can be increased from −101 to −155 A.

.2. System power capability

As mentioned previously, PNGV test procedures estimate

ower capability using constant current rather than constant
ower tests. Maximum discharge/charge power is calculated
y multiplying maximum current by final voltage at the end
f the pulse event (i.e. the minimum/maximum voltage limit).

i
d
a
i

ig. 6. Power rate capability of the 72-cell pack at 25 ◦C compared to PNGV 18 s
ischarge and 2 s charge goals. Operating region could in theory be expanded
y enforcing a Li plating limit rather than a constant 280.8 V limit on charge.

ompared to a constant power test method, the constant current
ethod will slightly underpredict maximum discharge power

nd overpredict maximum charge power.
The PNGV HPPC experimental test procedure applies a step

hange in current (∼5 C) from a known SOC rest condition and
ses the measured voltage perturbation to calculate polarization
esistances representative of 18 s discharge and 2 s charge. The
est is repeated at roughly 10% intervals in SOC. Maximum dis-
harge and charge currents are then estimated using the formulae

discharge = OCV − Vmin

Rdischarge
, Icharge = Vmax − OCV

Rcharge
(9)

here Rdischarge, Rcharge, and OCV (open circuit voltage) are
xperimentally determined functions of SOC while Vmin and
max are constant values specified by the manufacturer.

The present approach differs only in that we use the 1D
lectrochemical model to predict maximum current versus SOC
ather than linearly extrapolate low rate experimental data. Note
hat the PNGV linear extrapolation procedure will only be
ccurate within linear regions of operation where equilibrium
otentials and kinetics exhibit linear behavior, properties remain
onstant, etc. High rate, 30–40 C simulation results presented
arlier, however, exhibited strong nonlinearities as active mate-
ial surface concentrations approached depletion/saturation at
nd of discharge. We therefore expect the nonlinear 1D electro-
hemical model to produce more accurate results.

.2.1. Operation at 25 ◦C
Fig. 6 presents the maximum 18 s discharge and 2 s charge

ower rate capability of the 72 cell battery pack at 25 ◦C pre-
icted by the electrochemical model. Much of the same infor-
ation can be found in Fig. 2, though Fig. 6 now displays power

ate capability (rather than current-rate capability) found by
ultiplying maximum 18 s discharge current by Vmin = 194.4 V

nd maximum 2 s charge current by Vmax = 280.8 V. The max-

mum power rates are displayed with respect to the 25 kW
ischarge (left axis) and 30 kW charge (right axis) PNGV power
ssist goals. Above 77% SOC, the 18 s discharge power is lim-
ted by a 217 A maximum current limit established by PNGV
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Table 3
Activation energies used in Eq. (2) coupling physiochemical cell parameters to
lumped thermal model

Activation energya Value (J mol−1)

Exchange current densities, Ei0−
act , Ei0+

act 3 × 104, 3 × 104

Solid phase diffusion coefficient, EDs−
act , EDs+

act 4 × 103, 2 × 104

Electrolyte phase diffusion coefficient, EDe
act 1 × 104

Electrolyte phase conductivity, Eκ
act 2 × 104

a Estimated based on data used by Botte et al. [17].
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electrolyte leads to larger electrolyte phase potential gradients,
∂φe/∂x, across the cell. All effects result in a greater voltage per-
turbation from the equilibrium open-circuit voltage for a given
current pulse. As we reduce operating temperature below the
70 K. Smith, C.-Y. Wang / Journal o

equirements. With this limit, the maximum possible drop in
OC over 18 s is 15%. Left and right axes of Fig. 6 are plotted
n different scales such that the PNGV power assist goals for
ischarge and charge align horizontally. The battery pack can
nly meet the two goals simultaneously at SOCs ranging from
6.2% to 46.2% SOC. Within this narrow operating range, the
attery pack can source and sink ∼190 Wh of energy at a 1 C
ate, short of the PNGV available energy goal of 300 Wh.

Shown in Fig. 6, the SOC operating range may be signifi-
antly expanded if, rather than imposing a constant 280.8 V max-
mum voltage limit, higher rates of charge current are allowed up
o a lithium deposition side reaction limit of φs − φe ≥ 80.2 mV.
nly for the 100% SOC case does the constant current lithium
eposition-limited charge terminate at a pack voltage of 280.8 V
3.9 V cell−1). Charge cases initiated from lower SOCs termi-
ate at modestly elevated voltages, up to a maximum of 296.7 V
4.12 V cell−1) for the 2 s charge case from 27% SOC. Below
7% SOC, charge performance is limited by the −217 A PNGV
aximum current requirement. Since Fig. 6 in reality compares

harge current levels (not charge power levels), we calculate
nd present all 2 s charge powers for lithium deposition-limited
ases by multiplying their current rate by a constant 280.8 V (as
pposed to using their slightly higher final voltage). This per-
its equal judgement of the nominal (3.9 V cell−1 limited) and

xpanded (φs − φe ≥ 80.2 mV limited) charge capability.
With lithium deposition-limited 2 s charge, PNGV power

ssist goals are now met within a 36.2–67.5% SOC range. Avail-
ble energy at the 1 C rate increases from ∼190 to ∼595 Wh, a
12% improvement. Taking the intersection of the discharge
nd charge curves in Fig. 6 as the maximum discharge and
harge power simultaneously realizable from a given SOC,
se of the lithium deposition limit would increase power
ate capability of the battery pack by 22% over the nominal
ase.

One method to realize this increased performance onboard
n HEV might be to employ a variable maximum voltage limit
xpressed as a function of SOC. Further study would be needed
o determine whether such a limit would cover all charging con-
itions seen under actual operation. This approach would, at
minimum, require accurate real time estimation of SOC. A
odel-based Kalman filter capable of solid surface concentra-

ion and phase potential estimation, if possible, would provide
more elegant onboard solution.

.2.2. Temperature dependence
We next define operating maps of 18 s discharge and 2 s

harge power capability as a function of SOC initial condi-
ion and cell temperature. Electrochemical model properties are

ade temperature-dependent through Arrhenius expressions,
q. (2). Activation energies, defined in Table 3, are estimated

rom the data used by Botte et al. [17]. Each case is run under
sothermal operating conditions.

Fig. 7 shows the 18 s discharge power capability of the PNGV

attery pack throughout a range of temperatures (−15 to 65 ◦C)
nd SOCs (0–100%). The contour plot is generated by running
he model at 11 different SOCs for each of five different tem-
eratures. Fig. 7 data presented at 25 ◦C is identical to that from

F
S

ig. 7. Contours of 18 s discharge power (kW) capability throughout
OC/temperature operating range.

ig. 6. A map of 2 s charge power (280.8 V limited) throughout
he temperature/SOC operating range is shown in Fig. 8.

For all discharge and charge cases, power capability degrades
ith decreasing temperature for a given SOC. As operating

emperature is reduced, slow kinetics require increased overpo-
ential, η, to drive reaction, sluggish diffusion properties result
n increased solid and electrolyte phase concentration gradi-
nts, ∂cs/∂r and ∂ce/∂x, and decreased ionic conductivity of the
ig. 8. Contours of 2 s charge power (kW) capability throughout
OC/temperature operating range.
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Fig. 10. Average heat generation rate (solid lines, left axis) and efficiency
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ig. 9. Vehicle speed profiles for FUDS, HWFET, and US06 driving cycles.

ominal 25 ◦C the range of SOC meeting the PNGV discharge
nd charge goals narrows until, for temperatures of 16 ◦C and
elow, the dual goals can no longer be simultaneously met.

.3. In-vehicle heat generation rate

We adapt the 1D electrochemical, lumped thermal battery
odel to be called as an energy storage subsystem model from

he PSAT vehicle simulator (developed by Argonne National
abs) running in the Matlab/Simulink environment. At each
00th of a second time step, the FORTRAN battery model
ubroutine calculates pack voltage, SOC, temperature, heat gen-
rated, etc. as a function of current applied by the vehicle’s
lectric drivetrain. Fig. 9 shows vehicle speed profiles for the
UDS, HWFET, and US06 driving cycles used as inputs to the
ehicle simulator.

To establish cooling requirements for the PNGV Li-ion bat-
ery pack we use the integrated battery model/vehicle simulation
ool to predict battery pack heat generation rate under constant
emperature operation in a small 5-seat passenger car similar
o a Toyota Prius. The PNGV Li-ion battery pack shares similar
ower and energy ratings with the Ni-MH pack used by the Prius,
ut weighs less and occupies less volume. Vehicle and drivetrain-
pecific parameters of the power-split HEV are summarized in

able 4. Using the simulations to establish a time-averaged heat
eneration rate over the course of a driving cycle we later calcu-
ate from Eq. (3) an average value of the convective heat transfer
oefficient, h, required to maintain the battery pack at a constant

able 4
ehicle-specific parameters used for driving cycle simulations of Figs. 10–13

arameter/component Value

ehicle mass, mveh 3040 kg
rontal area, Af 1.746 m2

oefficient of drag, CD 0.29
.5 L gasoline engine 52.2 kW, 111 N m peak
lectric motor 1 20 kW, 75 N m peak
lectric motor 2 33 kW, 350 N m peak
attery pack 276 V nominal, 72 cell, 6 Ah Li-ion

o
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dashed lines, right axis) of PNGV battery pack integrated into a small HEV
assenger car. Simulations were run at six different temperatures for each of
hree different driving cycles.

emperature. In the isothermal analysis that follows, note that
he accumulation term on the left hand side of Eq. (3) equals
ero and any heat generated, qr + qj + qc, is thus instantly dissi-
ated to the cooling air through convection. In actual operation,
attery pack temperature will of course fluctuate-dependent on
perating conditions.

Fig. 10 presents time-averaged heat generation rate and
urnaround efficiency of the PNGV Li-ion battery pack under
sothermal operation at six different cell temperatures (rang-
ng from −15 to 85 ◦C) for each of the three different driv-
ng cycles. Across the range of simulated temperatures, the
WFET cycle (with relatively few acceleration events and mod-

rate highway speeds) generates the least heat while the FUDS
ycle (with numerous short acceleration events at low speeds)
enerates roughly twice that amount. The US06 cycle (with
ong acceleration events to high speeds and continued accel-
ration/deceleration events while at speed) generates four to six
imes that of the FUDS cycle. The 320 W average heat genera-
ion rate for the US06 cycle at 25 ◦C is larger than, but similar
n magnitude to the 250 W worst-case heat generation rate pre-
icted by Nelson et al. [19] on their modified HWFET cycle.

Heat generation rates in Fig. 10 exhibit a strong dependency
n operating temperature. Across the −15 to 85 ◦C simulated
emperature range, the profile of power cycled to and from
he battery pack is virtually identical for a given driving cycle.
While SOC compensation and other vehicle control algorithms
an cause differences in battery power profiles, such control-law
nteractions are minimal in this set of simulations.) As tempera-
ure decreases, the various diffusion, conductivity, and reaction
ate coefficients all take on lower values in the model (see Eq.
2) and Table 3) causing increased voltage perturbation and heat
eneration. With the exception of reversible heating (not con-
idered in this work as previously discussed), all modes of heat
eneration dissipate and waste potentially useful energy. Battery

ound-trip energy efficiencies follow the opposite trend of heat
eneration rates, with the lowest efficiency (87%) seen on the
oldest (−15 ◦C) US06 cycle. Round-trip efficiency generally
urpasses the PNGV goal of 90%.
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ig. 11. FUDS driving cycle results for the 25 ◦C isothermal battery pack. Indi-
idual components of the total heat generated (and dissipated) are shown in the
ottom-most plot.

To explain the driving cycle dependency of heat generation
ates, Figs. 11 and 12 present detailed plots of the FUDS and
S06 cycles, respectively, under isothermal operation at 25 ◦C.
ach figure shows power cycled to and from the battery pack,
attery pack SOC, and cumulative amount of heat generated by
he battery pack (i.e. the time integral of the instantaneous heat
eneration rate).

The US06 case (Fig. 12) cycles the battery pack about a wider
ange of SOC than the FUDS case (Fig. 11). In total, 1827 kJ of
nergy is discharged over the course of the 1372 s FUDS cycle,
nd 1822 kJ of energy is charged. By comparison, during the
00 s US06 cycle, 2235 kJ of energy is discharged, and 2263 kJ
f energy is charged. Expressing the total amount of charge

nd discharge energy on a per-second basis to correct for the
ifferent durations of the two cycles, the US06 cycle sources
nd sinks roughly 2.8 times the energy of the FUDS cycle. But

ig. 12. US06 driving cycle results for the 25 ◦C isothermal battery pack. Indi-
idual components of the total heat generated (and dissipated) are shown in the
ottom-most plot.
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ig. 13. Percentage contribution of various heat generation mechanisms for
he FUDS, HWFET, and US06 cycle simulations run at a range of isothermal
perating temperatures.

rom Fig. 10, we see that at 25 ◦C the US06 cycle generates
eat at a rate 5.9 times that of the FUDS cycle. Heat generation
s much more strongly current (or power) rate-dependent than
nergy-dependent due to the ohmic heating mechanisms of Eqs.
5) and (6).

The bottom portions of Figs. 11 and 12 show individual com-
onents of heat generation in the PNGV pack. In both cases,
ontact resistance contributes the most to heat generation (Eq.
6)), followed by electrolyte-phase conductivity (2nd and 3rd
erms of Eq. (5)), heating due to electrochemical reaction (Eq.
4)), and lastly solid-phase conductivity (1st term of Eq. (5)),
egligible in all cases. Fig. 13 presents the contribution of each
eat generation mechanism as a percentage of the total heat gen-
rated over the FUDS, HWFET, and US06 driving cycles for var-
ous isothermal operating temperatures. Individual components
f heat generation contribute at similar proportions across all
riving cycles at a given temperature, though the relative impor-
ance of each term does change with temperature. In Fig. 10, the
mallest heat generation rate occurs under the warmest operat-
ng condition (85 ◦C) where contact resistance accounts for the
ajority of heat generation. In the model, contact resistance, Rf,

oes not vary with temperature as its temperature dependence
s expected to be small compared to diffusion, reaction rate and
lectrolyte conductivity properties. Temperature dependence of
hese physiochemical properties causes electrolyte phase ohmic
nd electrochemical reaction heats to become more pronounced
t low temperatures.

Given the dominance of ohmic heat generation mechanisms,
lumped electrochemical model (similar to that of Nelson et

l. [19]) or perhaps an equivalent circuit model should be suf-
cient to predict heat generation rates across a range of driving
ycles. Such a model would need to be validated under several
ifferent temperatures and state-of-charge operating conditions,
owever.
We briefly consider the problem of cooling such a power-
ense energy storage system onboard a HEV. PNGV energy
torage system performance goals define a temperature range
or equipment operation of −30 to +52 ◦C. At 52 ◦C, Fig. 10
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redicts a 302 W heat generation rate on the US06 cycle. With
nly the outer radial surface of each cylindrical cell exposed to
he cooling medium, the total surface area, As, of the 72-cell pack
s approximately 1.35 m2. The cooling medium is most likely to
e air drawn from the passenger cabin at perhaps 30 ◦C. Substi-
uting each of these values into Eq. (3) we find a convective heat
ransfer coefficient, h, of 10.1 W m−2 K is required to maintain
he battery pack at a constant 52 ◦C and prevent further tempera-
ure rise. A simple forced-convection cooling scheme with air as
he cooling fluid could adequately meet [30] what we consider
o be the worst-case requirement for steady-state operation. A

ore difficult problem, not explored here, would be to rapidly
ool the battery pack from the maximum PNGV equipment sur-
ival goal of 66 ◦C back down to 52 ◦C at start-up.

. Conclusions

A previously validated 1D electrochemical, lumped thermal
odel is used to explore limiting regions of pulse power oper-

tion for a 6 Ah, 72 cell, 276 V nominal Li-ion battery pack
esigned for the PNGV program. Electrolyte phase Li+ transport
diffusion and migration) is sufficiently fast to have little impact
n high-rate power capability and transient voltage response. In
ontrast, solid phase Li transport (diffusion) significantly limits
igh rate performance and end of discharge at the 2.7 V cell−1

inimum limit is caused by depleted/saturated active material
urface concentrations in the negative/positive electrodes for
ulses lasting longer than around 10 s. During high rate dis-
harge pulses, bulk solid concentrations (related to SOC) change
ery little and the inner regions of active material particles go
nutilized.

The 3.9 V cell−1 maximum limit, meant to protect the nega-
ive electrode from side reactions such as lithium deposition, is
verly conservative for pulse charging initiated from SOCs less
han 100%. By limiting charge via a φs − φe potential margin,
ather than a 3.9 V cell terminal voltage limit, charging rates
re increased by approximately 50% and overall power den-
ity (defined using PNGV 18 s discharge and 2 s charge metrics)
s increased by 22%. With lithium deposition-limited charging
ates the battery pack exceeds PNGV power assist goals for
vailable power and energy.

Installed in a midsize passenger car, the battery pack is pre-
icted to generate heat at a rate of 320 W on a US06 cycle at
5 ◦C, with more heat generated at lower temperatures. Heat
eneration rates on the less aggressive FUDS and HWFET cycles
re substantially less. For pulse power operation typical of HEV

pplications, ohmic heating dominates other heating mecha-
isms and equivalent circuit models validated over a range of
emperatures and SOCs should sufficiently predict heating rates
or various driving cycles and control strategies. Maintaining

[
[
[
[

er Sources 160 (2006) 662–673 673

ell temperature at or below the 52 ◦C PNGV operating limit
n the worst-case US06 cycle requires a convective heat trans-
er coefficient of h = 10.1 W m−2 K−1, realizable with forced air
nvection.

cknowledgements

This work was partially funded by the U.S. Department
f Energy, Office of FreedomCAR and Vehicle Technologies
hrough Argonne National Laboratory (Program Manager: Lee
lezak). We thank Aymeric Rousseau and Argonne National
aboratory for use of the PSAT vehicle simulator.

eferences

[1] M. Doyle, J. Newman, A.S. Gozdz, C.N. Schmutz, J.M. Tarascon, J. Elec-
trochem. Soc. 143 (1996) 1890–1903.

[2] M. Doyle, Y. Fuentes, J. Electrochem. Soc. 150 (2003) A706–A713.
[3] M. Doyle, T. Fuller, J. Newman, J. Electrochem. Soc. 140 (1993)

1526–1533.
[4] T. Fuller, M. Doyle, J. Newman, J. Electrochem. Soc. 141 (1994) 1–10.
[5] M. Doyle, T. Fuller, J. Newman, Electrochem. Acta 39 (1994) 2073–2081.
[6] T. Fuller, M. Doyle, J. Newman, J. Electrochem. Soc. 141 (1994) 982–990.
[7] M. Doyle, J. Meyers, J. Newman, J. Electrochem. Soc. 147 (2000) 99–110.
[8] W.B. Gu, C.Y. Wang, ECS Proc. 99 (25) (2000) 748–762.
[9] V. Srinivasan, C.Y. Wang, J. Electrochem. Soc. 150 (2003) A98–A106.
10] I. Ong, J. Newman, J. Electrochem. Soc. 146 (1999) 4360–4365.
11] K. Smith, C.Y. Wang, J. Power Sources, submitted for publication.
12] PNGV Battery Test Manual, Revision 3, February 2001, DOE/ID-10597.
13] D. Doughty, P. Butler, R. Jungst, E. Roth, J. Power Sources 110 (2002)

357–363.
14] S. Al Hallaj, H. Maleki, J. Hong, J. Selman, J. Power Sources 83 (1999)

1–8.
15] D. Baker, M. Verbrugge, J. Electrochem. Soc. 146 (1999) 2413–2424.
16] Y. Chen, J. Evans, J. Electrochem. Soc. 140 (1993) 1833–1838.
17] G. Botte, B. Johnson, R. White, J. Electrochem. Soc. 146 (1999) 914–

923.
18] P. Nelson, I. Bloom, K. Amine, G. Hendriksen, J. Power Sources 110 (2002)

437–444.
19] P. Nelson, D. Dees, K. Amine, G. Henriksen, J. Power Sources 110 (2002)

349–356.
20] S. Abu-Sharkh, D. Doerffel, J. Power Sources 130 (2004) 266–274.
21] J. Christophersen, D. Glenn, C. Motloch, R. Wright, C. Ho, IEEE Vehicular

Technology Conference, vol. 56, Vancouver, Canada, 2002, pp. 1851–1855.
22] B.Y. Liaw, R. Jungst, G. Nagasubramanian, H. Case, D. Doughty, J. Power

Sources 140 (2005) 157–161.
23] J. Chiasson, B. Vairamohan, IEEE Trans. Contr. Syst. Technol. 13 (2005)

465–470.
24] G. Plett, J. Power Sources 134 (2004) 277–292.
25] M. Verbrugge, R. Conell, J. Electrochem. Soc. 149 (2002) A45–A53.
26] K. Smith, C.Y. Wang, Proceedings of the SAE Future Transportation Tech-

nology Conference, Chicago, IL, September 7–9, 2005.

27] M.S. Whittingham, Chem. Rev. 104 (2004) 4271–4301.
28] P. Arora, M. Doyle, R. White, J. Electrochem. Soc. 146 (1999) 3543–3553.
29] M. Verbrugge, B. Koch, J. Electroanal. Chem. 436 (1997) 1–7.
30] E. Avallone, T. Baumeister, Marks’ Standard Handbook for Mechanical

Engineers, 10th ed., McGraw-Hill, New York, 1996, pp. 4.84–4.85.


	Power and thermal characterization of a lithium-ion battery pack for hybrid-electric vehicles
	Introduction
	Mathematical model
	1D electrochemical model
	Lumped thermal model
	Numerical solution
	Battery pack model

	Results and discussion
	Pulse current limitations
	System power capability
	Operation at 25°C
	Temperature dependence

	In-vehicle heat generation rate

	Conclusions
	Acknowledgements
	References


