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Abstract

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
Li-ion hybrid-electric vehicle (HEV) battery pack. Depleted/saturated active material Li surface concentrations in the negative/positive electrodes
consistently cause end of high-rate (~25C) pulse discharge at the 2.7 V cell™' minimum limit, indicating solid-state diffusion is the limiting
mechanism. The 3.9 V cell ™! maximum limit, meant to protect the negative electrode from lithium deposition side reaction during charge, is overly
conservative for high-rate (~15 C) pulse charges initiated from states-of-charge (SOCs) less than 100%. Two-second maximum pulse charge rate
from the 50% SOC initial condition can be increased by as much as 50% without risk of lithium deposition. Controlled to minimum/maximum
voltage 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.
Less aggressive FUDS and HWFET cycles generate 6-12 times less heat. Contact resistance ohmic heating dominates all other mechanisms,
followed by electrolyte phase ohmic heating. Reaction and electronic phase ohmic heats are negligible. A convective heat transfer coefficient of

h=10.1 Wm~2 K~! 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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1. Introduction

While much understanding of internal processes and limi-
tations of Li-ion batteries has come from fundamentally based
models [1-10], until recently none of those models had been
extended to describe batteries designed for hybrid-electric vehi-
cles (HEVs) [11]. The majority of the literature is instead
devoted to predicting energy available and heat generated at
various discharge rates beginning from the fully charged state.
Although relevant to cell phone, laptop, and perhaps electric
vehicle batteries, such works offer little insight into physical
limitations expected under HEV operation where batteries are
used as a transient pulse power source, cycled about a relatively
fixed state of charge (SOC).
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Pulse power requirements for HEV batteries are generally
specified in terms of a characteristic time, rather than maxi-
mum C-rate. Partnership for next generation vehicles (PNGV)
energy storage program goals [12] in power assist mode tar-
get a 25 kW pulse discharge power capability lasting 18 s and a
30kW pulse charge capability lasting 2 s. Within the SOC oper-
ating range capable of meeting the power goals, a minimum of
0.3 kWh energy must be available. PNGV test procedures dictate
the use of hybrid pulse power characterization (HPPC) test data
to parameterize an equivalent circuit model with a polarization
resistance for the characteristic pulse duration. The equivalent
circuit model is then used to extrapolate those test results to
define maximum 18 s discharge and 2 s charge current-rate capa-
bility. While the method is quick and practical to implement, cau-
tion should be exercised when extending any empirical model
outside its region of validation. In contrast, full experimental
characterization provides the best accuracy with the obvious
drawback of requiring several hundred hours of testing.
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Nomenclature

as active surface area per electrode unit volume
(cm? cm™3)

A electrode plate area (cmz)

c volume-averaged concentration of lithium in a
phase (mol cm™3)

D diffusion coefficient of lithium species (cm?s~h)

Eat activation energy (J mol~1)

F Faraday’s constant, 96,487 C mol~!

h convective heat transfer coefficient (W m—2 K1)

io exchange current density of an electrode reaction
(Acm™2)

1 applied current (A)

Jj reaction current resulting in production or con-
sumption of a species (A cm ™)

I 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] mol~! K1

Ry film resistance on an electrode surface (§2 cm?)

Ry radius of solid active material particles (cm)

t time (s)

tg_ 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

oy, o anodic and cathodic transfer coefficients for an
electrode reaction

€ volume fraction or porosity of a phase

n surface overpotential of an electrode reaction (V)

K conductivity of an electrolyte (S cm™!)

KD diffusional conductivity of a species (Acm™!)

o conductivity of solid active materials in an elec-
trode (Scm™1)

¢ volume-averaged electrical potential in a phase
V)

v generic physiochemical property

Subscripts

e electrolyte phase

max maximum value

ref with respect to a reference state

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

Li lithium species

Thermal behavior of Li-ion batteries has been of interest due
to their potential for thermal runaway and explosion under high
temperature operation. Researchers have approached the prob-
lem through both experiment and modeling [8,9,13—19]. Nelson
et al. [19] used a lumped-parameter model to explore the abil-
ity of HEV cell designs of various geometry to meet PNGV
power and thermal requirements. Coupled with a vehicle simula-
tor, Nelson’s model predicted a worst-case cooling requirement
of 250 W on a modified HWFET driving cycle, with normal
HWFET speeds multiplied by 1.3 to simulate aggressive, high
speed driving.

Smith and Wang [11] recently extended a previously devel-
oped [8] 1D electrochemical, lumped thermal Li-ion battery
model to describe a 72 cell, 276 V nominal, 6 Ah HEV battery
pack. Validated against 1 C discharge and charge, HPPC, and
driving cycle data sets, the model is used in this work to pre-
dict battery pack power rate capability with respect to PNGV
goals over a range of SOC and operating temperatures. Unlike
equivalent circuit models popular for HEV battery beginning-
of-life characterization [20], aging characterization [21,22], and
control-law development [23-25], the model provides physical
explanation of the limits of operation. Furthermore, the bat-
tery model is integrated into a vehicle simulator to quantify and
explain battery heat generation rates expected in a midsize pas-
senger car application for a range of driving cycles and operating
temperatures.

2. Mathematical model

Shown in Fig. 1, the 1D Li-ion cell model consists of three
regions—the negative composite electrode (with Li,Cg active
material), an electron-blocking separator, and positive com-
posite electrode (with a metal oxide active material such as
LiyCo03). During discharge, lithium ions inside of solid Li,Cg
particles diffuse to the surface where they react and transfer
from the solid phase into the electrolyte phase. The positively
charged ions travel via diffusion and migration through the elec-
trolyte solution to the positive electrode where they react and
insert into solid metal oxide particles. Electrons follow an oppo-
site 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
1D microscopic (r-direction) solid diffusion model.
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summarize that 1D electrochemical model and introduce the
coupled lumped thermal model.

2.1. 1D electrochemical model

The 1D domain is subdivided into electrolyte and solid
phases, denoted by subscripts e and s, respectively. The elec-
trolyte phase is continuous across the cell domain while the
solid phase exists only in the negative and positive electrodes.
Charge (e™) conservation governs phase potentials, ¢. and ¢,
while Li species conservation governs phase concentrations, ce
and ¢g. A Butler—Volmer kinetic equation couples charge and
species governing equations by describing the volume-specific
rate of reaction, j, occurring at the solid/electrolyte interface
as a function of overpotential, n. Overpotential is defined as
the difference between solid and electrolyte phase potentials,
minus the solid phase equilibrium potential, or n = ¢s — ¢ — U,
where local equilibrium potential, U, is a strong function of
solid phase Li concentration at the solid/electrolyte interface,
¢se. The rate at which solid phase Li species diffuse from inner
bulk regions of active material particles to the surface is the pre-
dominant limiting mechanism during high rate discharge [11,26]
of the cell studied in this work. (Note that we use the terms
“solid/electrolyte interface” and “solid particle surface” inter-
changeably.)

Cell terminal voltage is the difference in solid phase potential
between the two current collectors, minus an ohmic drop due to
contact resistance, or

Ry
V= ¢S|x:L_¢S|x:O_XI' ()
Table 1
1D electrochemical model equations
Conservation equations Boundary conditions
Aeec 3 g 0 -2 . dc ac
Species, electrolyte phase (Ecce) = — (Dgtf—cc) + + ;U —= = —= =0
ot ox ox F 0x |y—0 0X | —p
dcs  Ds @ [ ,0c dcs dc jLi
Species, solid phase == (rz—s) == =0, =Dy == = J
ot r2 or or or |r—o o |,—g, asF
a 9 a ¢ e
Charge, electrolyte phase Iy (s ) — (KEH— Inc ) Li_ 9o - = — =0
& yiep ox ( ax?e) tar (D gplnce )+ o o ox |y
9 9 . -3 3 I @ 3
Charge, solid phase — (UCH— S) =4 eff Ps = giﬁﬁ — s - s -0
ox ox X |y—o ox |y—p A 0x |y—s_ 0x y=r—s,
Electrochemical kinetics P R P R
. . a SEI .L; a SEI .1
Reaction rate M = agi, {exp [ 1§T (n — a—gf“)] — exp [7 IST (n — TSJLI>] }
Overpotential nN=¢s— ¢ — U
Effective properties
Electrolyte ionic diffusivity Dgff = Dee?
Electrolyte ionic conductivity «ff = kel
2RTk® dln
Electrolyte ionic diffusional conductivity KCDH = d (12 -1 (1 + 71 fi)
nce
Solid phase electronic conductivity off=¢gio
3e. 31— —¢p—¢
Specific interfacial surface area ag = — = ( )
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Table 2
1D electrochemical model parameters
Parameter Negative Separator Positive
electrode electrode
Design specifications (geometry Thickness, § (cm) 50 x 1074 254 % 1074 36.4 x 1074
and volume fractions)
Particle radius, Ry (cm) 1x107* 1x1074
Active material volume fraction, & 0.580 0.500
Polymer phase volume fraction, ¢, 0.048 0.5 0.110
Conductive filler volume fraction, &f 0.040 0.06
Porosity (electrolyte phase volume fraction), . 0.332 0.5 0.330
Solid and electrolyte phase Li* Maximum solid phase concentration, ¢ max 16.1 x 1073 23.9x 1073
concentration (molem™3)
Stoichiometry at 0% SOC: xo%, Yo% 0.126 0.936
Stoichiometry at 100% SOC: x100%, Y100% 0.676 0.442
Average electrolyte concentration, ¢, (mol cm™>) 1.2x 1073 12x 1073 1.2x 1073
Kinetic and transport properties Exchange current density, io (A cm™2) 3.6x 1073 2.6x 1073
Charge-transfer coefficients, oy, a¢ 0.5,0.5 0.5,0.5
SEI layer film resistance, Rsgy (€ cm?) 0 0
Solid phase Li diffusion coefficient, Dg (cm?s~') 2.0x 10712 3.7 x 10712
Solid phase conductivity, o (Scm™") 1.0 0.1
Electrolyte phase Li* diffusion coefficient, D, 2.6 x 1076 2.6 %1076 2.6x 1070
(cm?s™h)
Bruggeman porosity exponent, p 1.5 1.5 1.5
Electrolyte phase ionic conductivity, « (S cm™!) Kk = 15.8¢ce Kk = 15.8¢c¢ k = 15.8¢c¢

Electrolyte activity coefficient, f4.
Li* transference number, 13_

Parameter

Value

exp(—13472¢!4)
1.0
0.363

exp(— 134720é‘4)
1.0
0.363

exp(— 13472661'4)
1.0
0.363

Equilibrium potential Negative electrode, U_ (V)

Positive electrode, Uy (V)

Electrode plate area, A (crnz)
Current collector contact resistance,
R (Qcm?)

Plate area-specific parameters

U_(x)=8.00229 +5.0647x — 12.578x"% — 8.6322 x 10~*x~! +2.1765
x 1073x32 — 0.46016 exp[15.0(0.06 — x)] — 0.55364 exp[—2.4326(x — 0.92)]
U.(y)=85.681y% — 357.70y° +613.89y* — 555.65y° +281.06y> — 76.648y —

0.30987 exp(5.657y'15-0)+13.1983
10452

20

Conservation equations and constitutive relationships used in
the electrochemical model are summarized in Table 1 with cor-
responding parameter and property values listed in Table 2.

2.2. Lumped thermal model

Physiochemical property values are made temperature-
dependent, coupling the 1D electrochemical model to the
lumped thermal model. An Arrhenius equation defines the tem-
perature sensitivity of a general physiochemical property, ¥, as

EXY (1 1
¥ = Yerexp R Tt - ? s 2)
Ie

where W s is the property value defined at reference temperature
Trer=25°C.

Activation energy, EY., thus controls the temperature sensi-
tivity of each individual property, ¥.

Conservation of energy for a Li-ion cell with lumped thermal
capacity balances accumulation, convective heat dissipation, and

heat generation terms as

d(,OCp T)

= hA(T — Too) + (gr + qj + gc)A

3

dr

to describe the evolution of cell temperature, 7, with time. In
Eq. (3), & is the heat transfer coefficient for forced convection
from each cell, A; is the cell surface area exposed to the convec-
tive cooling medium (typically air), and T, is the free stream
temperature 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
control volume is equal to reaction current, jLi, times overpoten-
tial, n. The total reaction heat, ¢y, is calculated by integrating the
local volume-specific reaction heat across the 1D cell domain
and multiplying by plate area, A, or

L .
G=A /O JH (s — pe — U)dx. 4)

Note that there is no reaction, and thus no reaction heat generated
in the separator region.
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Ohmic heats arise in each finite control volume due to the
current carried in each phase and the limited conductivity of
that phase. This iR (or i>/0’)-type heating is expressed in terms
of potential gradients by utilizing the conservation of charge
relationship for each phase. We integrate local volume-specific
ohmic heats across the 1D cell domain to calculate total ohmic
heat, gj, as

L 2 2
s e
= A eff eff
% /0 ? ( ox ) tK ox

off [ 0Ince %
+KD< ™ ><8x>dx. 5)

The first term inside the integral of Eq. (5) expresses ohmic
heat of the solid phase; the second and third terms express that
of the electrolyte phase. Note that while the first and second
terms are always positive, the third term is generally negative,
since Li* ions carried via diffusion in the electrolyte solution
serve to reduce the ionic current (migration) in that phase. In the
absence of electrolyte depletion (where local values of ce — 0),
the diffusional conductivity term has much smaller magnitude
than the ionic conductivity term.

Additional ohmic heat arises from a contact resistance,
Ri=20Q cmz, between current collectors and electrodes.
Total heat generated in the cell due to contact resistance,

qc, is

2 R
Ge=1"—. (6)
Since contact resistance, R¢, represents an empirical parameter
in an otherwise fundamentally based model we list g. sepa-
rately in Eq. (3) from the previously mentioned ohmic heats,
qi.

: Reversible heating is neglected in this work both due to a lack
of empirical data on the open-circuit voltage/temperature rela-
tionship of the two electrodes and also due to its insignificance in
HEV applications. Srinivasan and Wang [9] incorporated empir-
ical data from Li,C¢ and Li,MnOy electrodes into a 2D Li-ion
cell model and showed the reversible heating effect, important
at low discharge rates, to be dominated by irreversible (reaction
and ohmic) heating at high discharge rates. As further grounds
for neglecting reversible heats in the present work, we note that
in HEV application, a battery pack is cycled about a relatively
fixed SOC. As open-circuit potential rises and falls with SOC,
the reversible heat effect will alternately heat and cool the cell as
dictated by the slope of the open-circuit potential/temperature
relationship, dU/9T. Over a typical driving cycle where the bat-
tery pack is alternately charged and discharged the net reversible
heat effect will be near zero.

2.3. Numerical solution

The 1D macroscopic domain is discretized into approxi-
mately 50 control volumes. Five governing equations are solved
simultaneously for field variables ce, cs ¢, ¢e, and ¢, and lumped
cell temperature 7. Current is used as the model input with
boundary conditions applied galvanostatically.

2.4. Battery pack model

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

3. Results and discussion
3.1. Pulse current limitations

HEV batteries transiently source and sink power in short
pulses within a narrow SOC operating range, never using their
entire available stored energy. PNGV test procedures [12] rate
pulse power in terms of maximum current available for a given
pulse length from a given SOC initial condition. The pulse length
is chosen to be characteristic of typical vehicle acceleration (dis-
charge) and deceleration (charge) events, in this case 18 and 2 s,
respectively. To avoid complication of voltage—current interac-
tion and ensure test repeatability, PNGV test procedures measure
pulse power using constant current rather than constant power
tests. End of discharge/charge is declared when the cell terminal
voltage reaches predefined limits, in this case 2.7 Vcell™!' on
discharge and 3.9 V cell~! on charge.

The bottom portion of Fig. 2 presents the simulated voltage
response of 18s maximum current discharge events initiated
from various SOC initial conditions. For each event, successive
simulations were run iteratively to find the discharge current rate
whereby cell voltage hits the manufacturer’s 2.7 V minimum
limit at exactly 18s. All simulations are begun from the rest
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.

4 T T
Maximum voltage limit
/ { { [ ! 4
f - -26A
[ - 416A -101A -84A  -66A  47A
460a -146A 1914 )
Open circuit

35 potential
=3 L 4
S 70A B88A  114A 138 160A 1g1A 202A 222A 241A
£ S ) ) / /
g d // / J p / /
= / / VY a4 / 7
o 3t 4 y V4 V7 R Y i
(@) ]/ F // /// , 7’ , 7 7

f / 7 v
i 4 i/
L7
Minimum voltage limit Nominal model
-~ -D, limitations removed from model
2l5 C L 1 1 1 L 1 ]

0 10 20 30 40 50 60 70 80 90 100
SOC [%]

Fig. 2. Voltage response for maximum 18 s pulse current discharge and 2 s pulse
current charge events initiated from various SOC initial conditions. End of 18 s
discharge and 2's charge cases are defined at limits of 2.7 and 3.9V cell ™!,
respectively.
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By substituting n=¢s — ¢ — U into Eq. (1) we can express
cell voltage as a difference in overpotential, open circuit poten-
tial, and electrolyte phase potential between the two current
collectors

V= n|x=L - n|x:0 + U+|x=L - U*lx:()
Ry

+ ¢e|x:L - ¢e|x:0 - XI- (7)
At rest, with all electrolyte and solid phase concentration gradi-
ents fully relaxed, cell terminal voltage is equal to open circuit
voltage, Uoc = U4 |,—; — U—|,—, and is a direct function of
SOC. When a discharge/charge current is applied, immediate
ohmic perturbation from open circuit voltage occurs, dominated
by contact resistance, Rg, and electrolyte phase Li* resistance
across the separator, 1/55x. As discharge/charge continues, three
mechanisms contribute to voltage polarization observed at the
cell terminals: (i) establishment of an electrolyte concentration
gradient across the cell causes the difference in electrolyte phase
potential, ¢e|,—; — Pel,—o to grow; (ii) establishment of solid
phase concentration gradients within active material particles
neighboring the current collectors cause local open circuit poten-
tials, Ul,—g and U|,—,, to rise or fall; and (iii) electrochemical
reaction, initially favored at inner cell regions near the separa-
tor, redistributes across the electrodes back towards the current
collectors. As reaction increases at the current collectors, further
overpotential at those locations, 7n|,_q and n|,_; , is required to
drive reaction.

To illustrate that the cell is only mildly limited by Li* trans-
port in the electrolyte phase on discharge, each constant current
simulation is again run with the electrolyte diffusion coefficient,
De, raised from the nominal value of 2.6 x 10°t01.0cm?s !,
artificially removing electrolyte phase diffusion limitations from
the model and resulting in uniform distribution of electrolyte
concentration regardless of current level. Fig. 2 shows that elec-
trolyte diffusion effects are apparent in cell voltage response
only at very high levels of current (>150 A, or 25 C rate). Pseudo
steady-state electrolyte concentration gradients are established
after approximately 10s at all current rates. For this particular
cell design, electrolyte concentration gradients have little influ-
ence in predicting end of discharge.

The top portion of Fig. 2 displays the simulated volt-
age response of 2s maximum charge current events with a
3.9 Vcell™! cutoff criteria initiated from various SOC initial
conditions. As before, the model is rerun at the same cur-
rent level for each 2s charge case with electrolyte diffusion
limitations artificially removed. Also plotted in Fig. 2, those
results directly overlay the nominal voltage responses and are
indistinguishable. Electrolyte concentration gradients have no
influence in predicting of end of charge due to the short dura-
tion of the charge event and the low magnitude of the current
pulse.

Having concluded that electrolyte diffusion only weakly
affects this cell’s transient performance, we now focus on the
more important physical cell limitations occurring at the upper
and lower cutoff voltages. On discharge, the cell’s rate capabil-
ity is limited by the rate at which Li ions within active material

1 r r T T T

18.0's .
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x 50s — —_—
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S o7t T 1
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c 06l 180s -
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® 05 180s
g \
0.4 0s 1
I B e —
8 o0l \\\\ 02s 4
B I ™~ 1.0
S 02t T ° 1
»n — ——50s
0.1+ T 100 ]
0 ; ; T — 18.0s | I I
0 01 02 03 04 05 05 07 08 09 1
x/L

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

particles can travel to (or from) the particle surface to supply the
extraction reaction at the negative electrode/electrolyte interface
and the insertion reaction at the positive electrode/electrolyte
interface. Once the supply of Li ions near the surface of each
active material particle is exhausted (or saturated), the local
equilibrium potential drops off and further discharge cannot be
sustained. This solid diffusion limitation is observable at the cell
terminals when the cell voltage rapidly drops off and the 2.7V
lower cutoff voltage thus represents a practical physical limit.
In contrast, no physical barrier to cell charging exists above the
manufacturer specified 3.9 V upper limit. Instead, the upper volt-
age limit is meant to protect the cell from side reactions such
as lithium deposition in which Li* from the electrolyte phase
begins to plate at the solid particle surface causing growth of
the so-called solid/electrolyte interface (SEI) layer. While the
majority of the SEI layer is irreversibly formed during the first
few cycles of the cell, continued growth of the layer is thought
to be the primary cause of power-rate degradation over the life
of a cell.

To graphically illustrate the physical limitation of solid phase
diffusion on discharge, Fig. 3 presents distributions of solid
phase concentration across the 1D cell domain at various times
during the 18 s 160 A discharge from 50% SOC. Beginning from
a uniform solid phase stoichiometry of x = cs_/cs max— = 0.4, Li
ions de-insert from negative electrode active material particles
until at 18 s when the supply at the surface is almost completely
exhausted. At end of discharge plenty of Li still exists in the
inner regions of those particles as evidenced by the bulk (or
average) solid phase concentration distribution at 18 s. The dif-
fusional transport of ions from the inner regions to the surface
of the Li,Cg solid particles is too slow however, to continue
to sustain the high 160 A (26.7C) discharge rate. The oppo-
site effect occurs in the positive electrode where the insertion
reaction drives active material surface concentration to near sat-
uration.

The end of 18 s discharge from all SOC initial conditions is
consistently marked by negative electrode surface stoichiome-
tries 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-
charge from 50% SOC shown in Fig. 2. From left to right, the cell regions are
negative electrode/separator/positive electrode.

electrode surface stoichiometries in the range of y=0.9-0.985
(near saturation). As solid phase surface concentrations at the
current collector interfaces, c;e ‘x:O and cge |x= L approach
their respective depleted/saturated conditions, a strong drop in
open circuit potential, Uype = U4 |,—; — U—_|,—(,1s observed in
the cell terminal voltage. The manufacturer’s 2.7 V cutoff speci-
fication adequately captures the depletion/saturation of negative
electrode/positive electrode surface concentrations marking the
end of available discharge. By characterizing maximum dis-
charge current over a range of pulse lengths, Smith and Wang
[26] showed that solid diffusion continues to limit this cell’s per-
formance for pulses as short as 10 s. For shorter pulse lengths,
ohmic limitations begin to play a more dominant role.

Bulk solid phase concentration remains almost uniformly
distributed across each electrode throughout the duration of
discharge. Surface concentrations, however, vary across the elec-
trodes dependent upon the spatial distribution of reaction current
over time. Fig. 4 depicts the evolution of reaction current across
each electrode as the 160 A discharge from 50% SOC progresses
in time. In the negative electrode at 0s, the majority of reac-
tion occurs near the separator while little reaction occurs at the
current collector (x/L =0). The solid phase is a much better con-
ductor than the electrolyte phase and reaction distributes such
that Li* ions follow the shortest total path length through the
electrolyte phase to the opposite electrode. The high level of
reaction at the separator causes the solid phase surface con-
centration, cse, to drop most rapidly at that location. As time
progresses a negative solid phase surface concentration gradient,
dcs ¢/0x, builds across the electrode resulting in a positive gra-
dient in local equilibrium potential, dU_/dx. Reaction becomes
less favorable near the separator and is redistributed over time
back towards the current collector. The rapid decrease of reac-
tion at the negative electrode/separator interface visible between
0.5 and 1.0 s is cause by the nonlinear dependence of exchange
current density on solid phase surface concentration. Without
this nonlinearity (i.e. at very low rates of discharge), reaction
current would more smoothly transition from the steep profile
at 0's to a uniform one 20-30 s later.

Fig. 4 shows a similar redistribution process occurring in
the positive electrode, though the initial peak is smaller and
the redistribution is faster. The initial peak in reaction occurring
near the separator is smaller in magnitude compared to the nega-
tive electrode due to the positive electrode’s smaller solid phase
conductivity (o4+=0.1S cm~! versus o_=1.0Scm™!). Reac-
tion current distribution tends towards uniform very quickly
due to the strong coupling of local equilibrium potential with
local surface concentration, U, =U,(cse). The slope of the
positive electrode open circuit potential function is more than
seven times greater than that of the negative electrode (e.g.
|[0UL/9cg| > |0U_/dcs]), causing faster redistribution [11].

Fig. 4 also shows the evolution of reaction current distribution
for a cell with infinite electrolyte diffusion. Local reaction rate is
weakly coupled to local electrolyte concentration in three ways:
(i) exchange current density increases slightly with electrolyte
concentration for Butler—Volmer kinetics; (ii) electrolyte phase
diffusional Li* transport is enhanced once a concentration gradi-
ent, dce/dx, is established; and (iii) electrolyte ionic conductivity
is dependent on concentration, k = k(ce), which, under modest
electrolyte concentration gradients predicted by the model for
this particular battery design, causes local conductivity to vary
across the cell less than 25% from its mean value. These effects
are only weakly observed in the negative electrode reaction dis-
tribution where, on discharge, effect (ii) (promoting uniformity
of reaction) counteracts effects (i) and (iii) (promoting reac-
tion near the separator). In the positive electrode however, the
strong open circuit potential/solid phase concentration coupling
dominates weak dependencies on electrolyte concentration in
determining reaction distribution.

Dynamics of cell charging are identical (though opposite in
sign) to those illustrated for cell discharging (Figs. 3 and 4), how-
ever during cell charging, current-rate capability is limited due
to the proximity of the cell’s open circuit voltage (3.6 V at 50%
SOC) to the maximum voltage limit (3.9 V). No physical barrier
to cell charging exists at the maximum voltage limit. Even at
100% SOC, the negative and positive electrode stoichiometries
defined in Ref. [11] (x190% =0.676 and yjgog =0.442) are far
from respective saturation and depletion and further charge is
physically possible beyond the 100% SOC reference point.

Raising the upper voltage limit would increase both charge
power rate capability and overall capacity [27], though it may
introduce side reactions detrimental to the pack’s future rate
capability. Lithium deposition on the surface of negative elec-
trode Li,Cg active material particles is the most common side
reaction attributed to capacity and power fade [1,28,29]. Arora
et al. [28] showed that designing a cell with sufficient excess
negative electrode and limiting the maximum allowable volt-
age during charge are successful strategies for avoiding the
deposition reaction. The deposition reaction becomes thermo-
dynamically favorable when the difference between solid and
electrolyte phase potentials becomes zero or

¢s — dpe = 0. ®

We check this condition at the end of 2 s charge pulses initiated
from various SOC initial conditions and, though the phase poten-



K. Smith, C.-Y. Wang / Journal of Power Sources 160 (2006) 662—-673

0.11 T T T T T T

0.105

0.1+f

0.095

0.09

¢s'¢e [V]

0.085} N

0.081 \5/

——3.7V limited, 50% SOC (-100.8 A) 0s
—— b0, limited, 50% SOC (154.9A) 40505 \

3.7 Vlimited, 100% SOC (-2.6 A) 2s
0.08

0.075+

0.07

0.36 0.38 0.4 0.42
L

015 02 025 03 035 04
x/L

0.065"-! ! .
0 0.05 01

Fig. 5. Difference between solid and electrolyte phase potentials in the negative
electrode at various times during 2 s constant current charge cases initiated from
various SOC initial conditions. Values less than 0V are expected to cause a Li
plating side reaction on the solid surface, degrading power rate capability.

tial difference does become progressively smaller approaching
100% SOC, it never reaches zero. The smallest value observed is
80.2mV, occurring at the negative electrode/separator interface
at the end of the 2s charge from 100% SOC. By comparison,
the smallest value observed at the end of the 2s charge from
50% SOC is 90.4 mV. Both of these charge cases terminate at
the 3.9V cutoff, though clearly the 50% SOC case leaves more
margin with respect to the lithium deposition condition of Eq.
(8). A substantial portion of the voltage rise from 50% SOC is
ohmic due to the large —101 A charging rate and the cell termi-
nal voltage reaches the 3.9V limit well before risk of lithium
deposition.

Fig. 5 shows the evolution of ¢5 — ¢, distribution across the
negative electrode for the 2 s charge cases from 50% and 100%
SOC, both ending at the manufacturer specified 3.9 V upper volt-
age limit. In these and all other charge cases, the minimum value
of ¢ — ¢ occurs at the separator interface, also noted in [28].
Increasing the charging rate from the 50% SOC initial condition,
we find that the cell can sustain a —155 A charge for 2 s and still
maintain the same degree of conservatism with respect to lithium
deposition as the 100% SOC case (¢s — ¢ > 80.2 mV). The lit-
erature generally agrees that the side reaction does not begin
until a potential of 0 mV with respect to that of metallic lithium
is reached. The experimental work of Verbrugge and Koch [29],
however, suggests that, due to sluggish side reaction kinetics,
potentials as small as —200 mV can be tolerated for brief peri-
ods of time provided the particles are not fully intercalated. Here,
we observe that by lowering the lithium deposition limit from
90.4 to 80.2mV (still quite conservative), the 2 s charging rate
from 50% SOC can be increased from —101 to —155 A.

3.2. System power capability

As mentioned previously, PNGV test procedures estimate
power capability using constant current rather than constant
power tests. Maximum discharge/charge power is calculated
by multiplying maximum current by final voltage at the end
of the pulse event (i.e. the minimum/maximum voltage limit).
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Fig. 6. Power rate capability of the 72-cell pack at 25 °C compared to PNGV 18 s
discharge and 2 s charge goals. Operating region could in theory be expanded
by enforcing a Li plating limit rather than a constant 280.8 V limit on charge.

Compared to a constant power test method, the constant current
method will slightly underpredict maximum discharge power
and overpredict maximum charge power.

The PNGV HPPC experimental test procedure applies a step
change in current (~5 C) from a known SOC rest condition and
uses the measured voltage perturbation to calculate polarization
resistances representative of 18 s discharge and 2 s charge. The
test is repeated at roughly 10% intervals in SOC. Maximum dis-
charge and charge currents are then estimated using the formulae
OCV — Viin Vimax — OCV

’ Icharge =S )
Rdischarge

Lischarge =
ge R
charge

where Rgischarge» Rcharge» and OCV (open circuit voltage) are
experimentally determined functions of SOC while Vy,j, and
Vmax are constant values specified by the manufacturer.

The present approach differs only in that we use the 1D
electrochemical model to predict maximum current versus SOC
rather than linearly extrapolate low rate experimental data. Note
that the PNGV linear extrapolation procedure will only be
accurate within linear regions of operation where equilibrium
potentials and kinetics exhibit linear behavior, properties remain
constant, etc. High rate, 30—40 C simulation results presented
earlier, however, exhibited strong nonlinearities as active mate-
rial surface concentrations approached depletion/saturation at
end of discharge. We therefore expect the nonlinear 1D electro-
chemical model to produce more accurate results.

3.2.1. Operation at 25°C

Fig. 6 presents the maximum 18 s discharge and 2 s charge
power rate capability of the 72 cell battery pack at 25 °C pre-
dicted by the electrochemical model. Much of the same infor-
mation can be found in Fig. 2, though Fig. 6 now displays power
rate capability (rather than current-rate capability) found by
multiplying maximum 18 s discharge current by Vpnin =194.4V
and maximum 2 s charge current by Vipax =280.8 V. The max-
imum power rates are displayed with respect to the 25kW
discharge (left axis) and 30 kW charge (right axis) PNGV power
assist goals. Above 77% SOC, the 18 s discharge power is lim-
ited by a 217 A maximum current limit established by PNGV
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requirements. With this limit, the maximum possible drop in
SOC over 18sis 15%. Left and right axes of Fig. 6 are plotted
on different scales such that the PNGV power assist goals for
discharge and charge align horizontally. The battery pack can
only meet the two goals simultaneously at SOCs ranging from
36.2% to 46.2% SOC. Within this narrow operating range, the
battery pack can source and sink ~190 Wh of energy at a 1 C
rate, short of the PNGV available energy goal of 300 Wh.

Shown in Fig. 6, the SOC operating range may be signifi-
cantly expanded if, rather than imposing a constant 280.8 V max-
imum voltage limit, higher rates of charge current are allowed up
to a lithium deposition side reaction limit of ¢ — ¢ > 80.2 mV.
Only for the 100% SOC case does the constant current lithium
deposition-limited charge terminate at a pack voltage of 280.8 V
(3.9 Vcell™!). Charge cases initiated from lower SOCs termi-
nate at modestly elevated voltages, up to a maximum of 296.7 V
(4.12V cell™!) for the 2's charge case from 27% SOC. Below
27% SOC, charge performance is limited by the —217 A PNGV
maximum current requirement. Since Fig. 6 in reality compares
charge current levels (not charge power levels), we calculate
and present all 2 s charge powers for lithium deposition-limited
cases by multiplying their current rate by a constant 280.8 V (as
opposed to using their slightly higher final voltage). This per-
mits equal judgement of the nominal (3.9 V cell ™! limited) and
expanded (¢s — ¢ > 80.2 mV limited) charge capability.

With lithium deposition-limited 2s charge, PNGV power
assist goals are now met within a 36.2-67.5% SOC range. Avail-
able energy at the 1 C rate increases from ~190 to ~595 Wh, a
212% improvement. Taking the intersection of the discharge
and charge curves in Fig. 6 as the maximum discharge and
charge power simultaneously realizable from a given SOC,
use of the lithium deposition limit would increase power
rate capability of the battery pack by 22% over the nominal
case.

One method to realize this increased performance onboard
an HEV might be to employ a variable maximum voltage limit
expressed as a function of SOC. Further study would be needed
to determine whether such a limit would cover all charging con-
ditions seen under actual operation. This approach would, at
a minimum, require accurate real time estimation of SOC. A
model-based Kalman filter capable of solid surface concentra-
tion and phase potential estimation, if possible, would provide
a more elegant onboard solution.

3.2.2. Temperature dependence

We next define operating maps of 18s discharge and 2s
charge power capability as a function of SOC initial condi-
tion and cell temperature. Electrochemical model properties are
made temperature-dependent through Arrhenius expressions,
Eq. (2). Activation energies, defined in Table 3, are estimated
from the data used by Botte et al. [17]. Each case is run under
isothermal operating conditions.

Fig. 7 shows the 18 s discharge power capability of the PNGV
battery pack throughout a range of temperatures (—15 to 65 °C)
and SOCs (0-100%). The contour plot is generated by running
the model at 11 different SOCs for each of five different tem-
peratures. Fig. 7 data presented at 25 °C is identical to that from

Table 3
Activation energies used in Eq. (2) coupling physiochemical cell parameters to
lumped thermal model

Activation energy® Value (Jmol~!)

Exchange current densities, Elo- Flos 3x10% 3 x 104

act * act
Solid phase diffusion coefficient, Eéﬁ*, Eﬁi* 4% 10%,2 x 10*
Electrolyte phase diffusion coefficient, EDe 1 x 10*
Electrolyte phase conductivity, E 2 x 10*

2 Estimated based on data used by Botte et al. [17].
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Fig. 6. A map of 2 s charge power (280.8 V limited) throughout
the temperature/SOC operating range is shown in Fig. 8.

For all discharge and charge cases, power capability degrades
with decreasing temperature for a given SOC. As operating
temperature is reduced, slow kinetics require increased overpo-
tential, 7, to drive reaction, sluggish diffusion properties result
in increased solid and electrolyte phase concentration gradi-
ents, dcs/dr and dc./0x, and decreased ionic conductivity of the
electrolyte leads to larger electrolyte phase potential gradients,
0¢e/0x, 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
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Fig. 9. Vehicle speed profiles for FUDS, HWFET, and US06 driving cycles.

nominal 25 °C the range of SOC meeting the PNGV discharge
and charge goals narrows until, for temperatures of 16 °C and
below, the dual goals can no longer be simultaneously met.

3.3. In-vehicle heat generation rate

We adapt the 1D electrochemical, lumped thermal battery
model to be called as an energy storage subsystem model from
the PSAT vehicle simulator (developed by Argonne National
Labs) running in the Matlab/Simulink environment. At each
100th of a second time step, the FORTRAN battery model
subroutine calculates pack voltage, SOC, temperature, heat gen-
erated, etc. as a function of current applied by the vehicle’s
electric drivetrain. Fig. 9 shows vehicle speed profiles for the
FUDS, HWFET, and US06 driving cycles used as inputs to the
vehicle simulator.

To establish cooling requirements for the PNGV Li-ion bat-
tery pack we use the integrated battery model/vehicle simulation
tool to predict battery pack heat generation rate under constant
temperature operation in a small 5-seat passenger car similar
to a Toyota Prius. The PNGV Li-ion battery pack shares similar
power and energy ratings with the Ni-MH pack used by the Prius,
but weighs less and occupies less volume. Vehicle and drivetrain-
specific parameters of the power-split HEV are summarized in
Table 4. Using the simulations to establish a time-averaged heat
generation rate over the course of a driving cycle we later calcu-
late from Eq. (3) an average value of the convective heat transfer
coefficient, i, required to maintain the battery pack at a constant

Table 4

Vehicle-specific parameters used for driving cycle simulations of Figs. 10-13
Parameter/component Value

Vehicle mass, myep 3040 kg

Frontal area, A¢ 1.746 m?

Coefficient of drag, Cp 0.29

1.5 L gasoline engine 52.2kW, 111 N m peak

Electric motor 1 20kW, 75 N m peak

Electric motor 2 33 kW, 350 N m peak

Battery pack 276V nominal, 72 cell, 6 Ah Li-ion
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Fig. 10. Average heat generation rate (solid lines, left axis) and efficiency
(dashed lines, right axis) of PNGV battery pack integrated into a small HEV
passenger car. Simulations were run at six different temperatures for each of
three different driving cycles.

temperature. In the isothermal analysis that follows, note that
the accumulation term on the left hand side of Eq. (3) equals
zero and any heat generated, g; +¢gj + gc, is thus instantly dissi-
pated to the cooling air through convection. In actual operation,
battery pack temperature will of course fluctuate-dependent on
operating conditions.

Fig. 10 presents time-averaged heat generation rate and
turnaround efficiency of the PNGV Li-ion battery pack under
isothermal operation at six different cell temperatures (rang-
ing from —15 to 85°C) for each of the three different driv-
ing cycles. Across the range of simulated temperatures, the
HWEFET cycle (with relatively few acceleration events and mod-
erate highway speeds) generates the least heat while the FUDS
cycle (with numerous short acceleration events at low speeds)
generates roughly twice that amount. The US06 cycle (with
long acceleration events to high speeds and continued accel-
eration/deceleration events while at speed) generates four to six
times that of the FUDS cycle. The 320 W average heat genera-
tion rate for the US06 cycle at 25 °C is larger than, but similar
in magnitude to the 250 W worst-case heat generation rate pre-
dicted by Nelson et al. [19] on their modified HWFET cycle.

Heat generation rates in Fig. 10 exhibit a strong dependency
on operating temperature. Across the —15 to 85 °C simulated
temperature range, the profile of power cycled to and from
the battery pack is virtually identical for a given driving cycle.
(While SOC compensation and other vehicle control algorithms
can cause differences in battery power profiles, such control-law
interactions are minimal in this set of simulations.) As tempera-
ture decreases, the various diffusion, conductivity, and reaction
rate coefficients all take on lower values in the model (see Eq.
(2) and Table 3) causing increased voltage perturbation and heat
generation. With the exception of reversible heating (not con-
sidered in this work as previously discussed), all modes of heat
generation dissipate and waste potentially useful energy. Battery
round-trip energy efficiencies follow the opposite trend of heat
generation rates, with the lowest efficiency (87%) seen on the
coldest (—15°C) US06 cycle. Round-trip efficiency generally
surpasses the PNGV goal of 90%.
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To explain the driving cycle dependency of heat generation
rates, Figs. 11 and 12 present detailed plots of the FUDS and
USO06 cycles, respectively, under isothermal operation at 25 °C.
Each figure shows power cycled to and from the battery pack,
battery pack SOC, and cumulative amount of heat generated by
the battery pack (i.e. the time integral of the instantaneous heat
generation rate).

The USO06 case (Fig. 12) cycles the battery pack about a wider
range of SOC than the FUDS case (Fig. 11). In total, 1827 kJ of
energy is discharged over the course of the 1372 s FUDS cycle,
and 1822kJ of energy is charged. By comparison, during the
600s USO06 cycle, 2235 kJ of energy is discharged, and 2263 kJ
of energy is charged. Expressing the total amount of charge
and discharge energy on a per-second basis to correct for the
different durations of the two cycles, the US06 cycle sources
and sinks roughly 2.8 times the energy of the FUDS cycle. But
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from Fig. 10, we see that at 25°C the US06 cycle generates
heat at a rate 5.9 times that of the FUDS cycle. Heat generation
is much more strongly current (or power) rate-dependent than
energy-dependent due to the ohmic heating mechanisms of Eqs.
(5) and (6).

The bottom portions of Figs. 11 and 12 show individual com-
ponents of heat generation in the PNGV pack. In both cases,
contact resistance contributes the most to heat generation (Eq.
(6)), followed by electrolyte-phase conductivity (2nd and 3rd
terms of Eq. (5)), heating due to electrochemical reaction (Eq.
(4)), and lastly solid-phase conductivity (1st term of Eq. (5)),
negligible in all cases. Fig. 13 presents the contribution of each
heat generation mechanism as a percentage of the total heat gen-
erated over the FUDS, HWFET, and US06 driving cycles for var-
ious isothermal operating temperatures. Individual components
of heat generation contribute at similar proportions across all
driving cycles at a given temperature, though the relative impor-
tance of each term does change with temperature. In Fig. 10, the
smallest heat generation rate occurs under the warmest operat-
ing condition (85 °C) where contact resistance accounts for the
majority of heat generation. In the model, contact resistance, Ry,
does not vary with temperature as its temperature dependence
is expected to be small compared to diffusion, reaction rate and
electrolyte conductivity properties. Temperature dependence of
these physiochemical properties causes electrolyte phase ohmic
and electrochemical reaction heats to become more pronounced
at low temperatures.

Given the dominance of ohmic heat generation mechanisms,
a lumped electrochemical model (similar to that of Nelson et
al. [19]) or perhaps an equivalent circuit model should be suf-
ficient to predict heat generation rates across a range of driving
cycles. Such a model would need to be validated under several
different temperatures and state-of-charge operating conditions,
however.

We briefly consider the problem of cooling such a power-
dense energy storage system onboard a HEV. PNGV energy
storage system performance goals define a temperature range
for equipment operation of —30 to +52°C. At 52°C, Fig. 10
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predicts a 302 W heat generation rate on the US06 cycle. With
only the outer radial surface of each cylindrical cell exposed to
the cooling medium, the total surface area, A, of the 72-cell pack
is approximately 1.35 m?. The cooling medium is most likely to
be air drawn from the passenger cabin at perhaps 30 °C. Substi-
tuting each of these values into Eq. (3) we find a convective heat
transfer coefficient, 4, of 10.1 Wm 2K is required to maintain
the battery pack at a constant 52 °C and prevent further tempera-
ture rise. A simple forced-convection cooling scheme with air as
the cooling fluid could adequately meet [30] what we consider
to be the worst-case requirement for steady-state operation. A
more difficult problem, not explored here, would be to rapidly
cool the battery pack from the maximum PNGV equipment sur-
vival goal of 66 °C back down to 52 °C at start-up.

4. Conclusions

A previously validated 1D electrochemical, lumped thermal
model is used to explore limiting regions of pulse power oper-
ation for a 6 Ah, 72 cell, 276 V nominal Li-ion battery pack
designed for the PNGV program. Electrolyte phase Li* transport
(diffusion and migration) is sufficiently fast to have little impact
on high-rate power capability and transient voltage response. In
contrast, solid phase Li transport (diffusion) significantly limits
high rate performance and end of discharge at the 2.7 V cell™!
minimum limit is caused by depleted/saturated active material
surface concentrations in the negative/positive electrodes for
pulses lasting longer than around 10s. During high rate dis-
charge pulses, bulk solid concentrations (related to SOC) change
very little and the inner regions of active material particles go
unutilized.

The 3.9 V cell~! maximum limit, meant to protect the nega-
tive electrode from side reactions such as lithium deposition, is
overly conservative for pulse charging initiated from SOCs less
than 100%. By limiting charge via a ¢s — ¢, potential margin,
rather than a 3.9V cell terminal voltage limit, charging rates
are increased by approximately 50% and overall power den-
sity (defined using PNGV 18 s discharge and 2 s charge metrics)
is increased by 22%. With lithium deposition-limited charging
rates the battery pack exceeds PNGV power assist goals for
available power and energy.

Installed in a midsize passenger car, the battery pack is pre-
dicted to generate heat at a rate of 320 W on a US06 cycle at
25°C, with more heat generated at lower temperatures. Heat
generation rates on the less aggressive FUDS and HWFET cycles
are substantially less. For pulse power operation typical of HEV
applications, ohmic heating dominates other heating mecha-
nisms and equivalent circuit models validated over a range of
temperatures and SOCs should sufficiently predict heating rates
for various driving cycles and control strategies. Maintaining

cell temperature at or below the 52°C PNGV operating limit
on the worst-case US06 cycle requires a convective heat trans-
fer coefficient of 7=10.1 W m~2 K., realizable with forced air
onvection.
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