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bstract

A thermal modeling was performed to study the effect of the electrode configuration on the thermal behavior of a lithium-polymer battery. It was
xamined the effect of the configuration of the electrodes such as the aspect ratio of the electrodes and the placing of current collecting tabs as well
s the discharge rates on the thermal behavior of the battery. The potential and current density distribution on the electrodes of a lithium-polymer
attery were predicted as a function of discharge time by using the finite element method. Then, based on the results of the modeling of potential

nd current density distributions, the temperature distributions of the lithium-polymer battery were calculated. The temperature distributions from
he modeling were in good agreement with those from the experimental measurement for the batteries with three different types of electrodes at
he discharge rates of 1C, 3C, and 5C.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The lithium-polymer battery is a preferred candidate as a
ower source for hybrid electric vehicle (HEV) and electric
ehicle (EV) due to its outstanding characteristics such as high
nergy density, high voltage, low self-discharge rate, and good
tability among others. However, much larger lithium-polymer
atteries than those available in the market for consumer elec-
ronics are required for HEV and EV applications. Because the
rimary challenge in designing larger lithium-polymer batter-
es is safety, thermal stability problems must be overcome. The

ain concern with the thermal behavior of lithium-polymer
attery is the possible significant temperature increase during

igh power extraction, which may cause battery degradation
nd thermal runaway. Thermal modeling can play a vital role to
aintain the operating temperature and temperature uniformity
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f lithium-polymer battery within a suitable range [1–3].
There have been many previous efforts on the thermal mod-

ling of lithium-polymer batteries for HEV and EV applications
4–14]. A one-dimensional thermal model assumes that tem-
erature gradient is negligible in the two directions parallel to
he current collectors [4–7]. Such an assumption may be valid
or small-scale batteries. However, that assumption may not be
ustified for large-scale batteries, since the temperature distribu-
ion becomes more non-uniform as the electrode size of a battery
ncreases. Then, a two- or three-dimensional thermal model may
e desirable for large-scale batteries [8–14].

In this work, a two-dimensional modeling is performed
o calculate the potential and current density distribution on
he electrodes of a lithium-polymer battery comprising a
i[NiCoMn]O2 positive electrode, a graphite negative electrode,
nd a plasticized electrolyte by following the same procedure of
won et al. [15]. They adopted a relatively simpler modeling

pproach by considering only Ohm’s law and charge conser-

ation on the electrodes based on the simplified polarization
haracteristics of the electrodes as compared to the previously
ublished papers by other researchers [16–24]. The modeling
f the potential and current density distributions on the elec-
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rodes is validated by the comparison between experimental and
odeling discharge curves at the discharge rates of 1C, 3C, and

C. Then, the thermal modeling of the lithium-polymer battery
s carried out, which accounts for the ohmic heating due to the
urrent flow on the electrodes and the heat generated due to the
harge transfer at the electrode/electrolyte interface. The heat
eneration rate is calculated using the results of the modeling of
otential and current density distributions.

. Mathematical model

Fig. 1 shows a photograph of the 10 Ah lithium-polymer bat-
ery from VK Corporation that is modeled. Because the battery
onsists of the same repeating units of positive and negative
lectrode plates, polymer electrolytes and separators, we have
hosen to model a cell composed of two parallel plate electrodes
f the battery shown in Fig. 2. In Figs. 1 and 2, the current col-
ecting tabs are the current collectors extending outside from
he rectangular electrodes and they do not contain the electrode
active) material. A schematic diagram of the current flow in
he cell during discharge is illustrated in Fig. 2. The distance
etween the electrodes is assumed to be so small that the current

ow between the electrodes is perpendicular to the electrodes.
he modeling procedure to calculate the potential and current
ensity distribution on the electrodes is the same used by Kwon
t al. [15]. From the continuity of current on the electrodes, the

ig. 1. Photograph of the 10 Ah lithium-polymer battery from VK Corporation.
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ig. 2. Schematic diagram of the current flow in the parallel plate electrodes of
battery.

ollowing equations can be derived

�ip − J = 0 in Ωp (1)

�in + J = 0 in Ωn (2)

here �ip and �in are the linear current density vectors (current
er unit length (A m−1)) in the positive and negative elec-
rodes, respectively, and J is the current density (current per
nit area (A m−2)) transferred through the separator from the
egative electrode to the positive electrode. Ωp and Ωn denote
he domains of the positive and negative electrodes, respectively.
y Ohm’s law, �ip and �in can be written as

p = − 1

rp
∇Vp in Ωp (3)

n = − 1

rn
∇Vn in Ωn (4)

here rp and rn are the resistances (�) of the positive and neg-
tive electrodes, respectively, and Vp and Vn are the potentials
V) of the positive and negative electrodes, respectively. By sub-
tituting Eqs. (3) and (4) into Eqs. (1) and (2), the following
oisson equations for Vp and Vn are obtained

2Vp = −rpJ in Ωp (5)

2Vn = +rnJ in Ωn (6)

The relevant boundary conditions for Vp and Vn are given in
ef. [15].
The resistance, r (rp or rn), are calculated as follows

= 1

hcSc + heSe
(7)
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Table 1
Parameters used for the calculation of electrode resistances

Parameter LixC6 Li[NiMnCo]O2

Se (S cm−1) 1.0 0.139
he (�) 145 150
S
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here hc and he are the thicknesses (m) of the current collector
nd the electrode material, respectively, and Sc and Se are the
lectrical conductivities (S m−1) of the current collector and the
lectrode material, respectively. The parameters used in the cal-
ulations of resistances for the electrodes are listed in Table 1
15,23,24].

The current density, J, of Eqs. (5) and (6) is the function of the
otential difference between the positive and negative electrodes
Vp − Vn). The functional form depends on the polarization
haracteristics of the electrodes. In this study, the following
olarization expression used by Tiedemann and Newman [25]
nd Newman and Tiedemann [18] was adopted

= Y (Vp − Vn − U) (8)

here Y and U are the fitting parameters. As suggested by Gu
26], U and Y were expressed as the following functions of the
epth of discharge (DOD)

= a0 + a1(DOD) + a2(DOD)2 + a3(DOD)3 (9)

= a4 + a5(DOD) + a6(DOD)2 (10)

here a0 ∼ a6 are the constants to be determined by experiments.
By solving the equations listed previously, the distribution

f the current density, J, on the electrodes can be obtained as a
unction of the position on the electrode and the time. Therefore,
OD varies along with the position on the electrode and the

ime elapsed during discharge. The distribution of DOD on the
lectrode can be calculated from the distribution of J as

OD =
∫ t

0 Jdt

QT
(11)

here t is the discharge time (s) and QT is the theoretical capacity
er unit area (Ah m−2) of the electrodes.

Based on the differential energy conservation for a battery,
he transient two-dimensional equation of heat conduction can
e written as follows:

Cp
∂T

∂t
= ∂

∂x

(
kx

∂T

∂x

)
+ ∂

∂x

(
kx

∂T

∂x

)
+ q − qconv (12)

here ρ is the density (kg m−3), Cp the volume averaged specific
eat capacity at constant pressure (J kg−1 ◦C−1), T the tempera-
ure (◦C), kx and ky is the effective thermal conductivities along
he x and y directions (refer Fig. 2 for the x and y directions)

W m−1 ◦C−1), respectively, q the heat generation rate per unit
olume (W m−3) and qconv is the heat dissipation rate (W m−3)
hrough the surfaces of the battery by convection. Effective ther-

al conductivities of various compartment of the cell can be

o
e
t
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ources 180 (2008) 909–916 911

stimated based on the equivalent networks of parallel and series
hermal resistances of cell components [9,14].

The heat generation rate, q, is given as

= aJ

[
Eoc − E − T

dEoc

dT

]
+ aprpi

2
p + anrni

2
n (13)

here a is the specific area of the battery (m−1), J the current den-
ity (A m−2) calculated by Eq. (8), Eoc the open-circuit potential
f the cell (V), E the cell voltage (V), ap and an the specific area
f the positive and negative electrodes (m−1), respectively, and

p and in are the magnitudes of the vectors �ip and �in obtained
y Eqs. (3) and (4) (A m−1), respectively. The first term of the
ight-hand side of Eq. (13) is the heat generated due to charge
ransfer at the electrode/electrolyte interfaces. This involves an
rreversible part, representing the energy loss by the deviation of
he cell potential from the open-circuit potential due to electro-
hemical polarization, and a reversible part, representing the heat
roportional to dEoc/dT due to entropy change. The third and
ourth terms arise from ohmic heating in the positive and neg-
tive electrodes, respectively [13,27,28]. The heat dissipation
ate, qconv, is derived as

conv = 2h

d
(T − Tair) (14)

here h is the convective heat transfer coefficient on the surfaces
f the battery (W m−2 ◦C−1), d the thickness of the battery in
he direction perpendicular to the parallel electrodes (m), and
air is the ambient temperature (◦C). This term is rendered as in
q. (14) by the approximation of a three-dimensional object into
two-dimensional one. Convective boundary condition applied
n the boundaries of the electrode is written as

k
∂T

∂n
= he(T − Tair) (15)

here ∂/∂n denotes the gradient in the direction of the outward
ormal to the boundary and he is the effective convective heat
ransfer coefficient on the edge of the battery, which is modified
o accommodate the effect of the aluminum pouch enveloping
he edge of the electrodes.

. Results and discussion

The solutions to the governing Eqs. (5), (6), and (12) sub-
ect to the associated boundary conditions were obtained by
sing the finite element method. Although numerical simula-
ions were performed for the electrodes of many different shapes
f a lithium-polymer battery, we will show the results for the
lectrodes of three different shapes because we think that three
s enough to demonstrate the salient features of the modeling
resented in this paper. The electrodes of three different shapes
re referred to as the electrodes of types A–C. The schematic
iagrams of the electrode shape for the types A–C are illus-
rated in Fig. 3(a–c), respectively. In order to test the validity

f the modeling, the calculated discharge curves based on mod-
ling for the 10 Ah battery fabricated by VK Corporation with
he electrodes of type A shown in Figs. 1 and 3(a) are compared
ith the experimental data in Fig. 4. The experiments were per-
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Fig. 3. Schematic diagrams of the electrode

ormed at room temperature. At various discharge rates from 1C
o 5C, the experimental discharge curves are in good agreement
ith the modeling results based on the finite element method.
The distributions of the potential and current density on the

lectrodes during discharge are obtained as a function of time
or various discharge rates. As an example, it is shown the dis-
ributions of the potential on the positive electrode, the potential
n the negative electrode, and the current density for the battery

ith the electrodes of type A at the discharge time of 30 min
ith 1C rate in Fig. 5(a–c), respectively. In Fig. 5(a), the poten-

ial gradient on the positive electrode is seen to be most severe in
he region where the tab is attached to the current collector. This

ig. 4. Comparison between experimental and modeling discharge curves for
he battery with the electrodes of type A at discharge rates of 1C, 3C, and 5C.
olid lines are experimental data and open circles are modeling results based on

he finite element method.
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s for (a) type A, (b) type B, and (c) type C.

s because all the current flows through the conducting current
ollector into the tab from the entire electrode plate. Again, the
otential gradient on the negative electrode shown in Fig. 5(b)
s the highest at the region near tab, because all the current has
o flow from the tab through the entire electrode plate. Fig. 5(c)
hows the non-uniform distributions of current density trans-
erred from the negative electrode to the positive electrode of
ype A during the discharge with 1C rate.

After obtaining the distributions of the potential and current
ensity on the electrodes during discharge, the temperature dis-
ributions of the battery can be calculated as a function of time
or various discharge rates by using Eq. (12). As a demonstra-
ion, the temperature distributions based on the experimental IR
mage and the modeling after the discharge of 10.8 min with 5C
ate are shown in Fig. 6. The overall appearances of the tempera-
ure distributions from the experiment and modeling are in good
greement. It is observed that the temperature near the current
ollecting tab of the positive electrode is higher than that of the
egative electrode. This phenomenon is due to the fact that the
lectrical conductivity of the active material of the positive elec-
rode is much lower than that of the negative electrode, although
oth of the current flows near the tabs of the positive and neg-
tive electrodes are similarly high. The maximum temperatures
rom the experiment and modeling are close to each other near
he value of 58 ◦C, although the minimum temperature from
he experiment is a bit higher than that from the modeling. The

aximum and minimum temperatures from the experimental
easurement for the battery with the electrodes of type A are
ompared with those predicted by the modeling in Fig. 7(a) and
b), respectively. The maximum temperatures from the experi-
ent and modeling are in good agreement for the whole range

f DOD at various discharge rates. However, the discrepancy
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ig. 5. Distributions of (a) the potential on the positive electrode, (b) the potential
n the negative electrode, and (c) the current density on the electrodes of type
at the discharge time of 30 min with 1C rate.

etween the minimum temperatures from the experiment and
odeling increases for the DOD values higher that 0.5 at the

ischarge rates of 3C and 5C.
To investigate the effect of placing of the current collecting

ab on the thermal behavior of the battery, modeling is carried

ut for the battery with electrodes of type B. We used the same
alues of the parameters that we used to calculate the distri-
utions of the potential and current density on the electrodes
f type A during discharge in order to check whether the val-

b
l
o
m

ig. 6. Temperature distributions based on (a) the experimental IR image and
b) the modeling for the battery with the electrodes of type A at the discharge
ime of 10.8 min with 5C rate.

es of the parameters used for the electrodes of type A can

e used for the electrodes of other types or not. The calcu-
ated discharge curves based on modeling for the electrodes
f type B shown in Fig. 2(b) are compared with the experi-
ental data in Fig. 8. At various discharge rates from 1C to
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Fig. 7. Comparison between (a) the maximum temperatures and (b) the mini-
mum temperatures from the experiment and modeling for the battery with the
electrodes of type A at the discharge rates of 1C, 3C, and 5C.

Fig. 8. Comparison between the experimental and modeling discharge curves
for the battery with the electrodes of type B at the discharge rates of 1C, 3C, and
5C.
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C, the experimental discharge curves are in good agreement
ith the modeling results. We have confirmed that the discharge

urves from the experiment agree well with those from the mod-
ling for the electrodes of type C, for which the effect of aspect
atio of the electrodes on the thermal behavior was investi-
ated. From these results, we have concluded that the parameters
uned for the electrodes of one geometry can be applied for the
lectrodes of other geometries as long as the materials and com-
ositions of the electrodes and the manufacturing processes are
he same.

In Fig. 9, the temperature distributions based on the experi-
ental IR image and the modeling after the discharge of 10.8 min
ith 5C rate are shown for the battery with the electrodes of type
. The overall appearances of the temperature distributions from

he experiment and modeling for the electrodes of type B are in
ood agreement. As in the case of the electrodes of type A, it
s observed that the temperature near the current collecting tab
f the positive electrode is higher than that of the negative elec-
rode, because the electrical conductivity of the active material
f the positive electrode is much lower than that of the negative
lectrode. The maximum temperatures from the experiment and
odeling are close to each other near the value of 56 ◦C, and

he minimum temperatures from the experiment and modeling
re close to each other near the value of 43 ◦C. For the bat-
ery with the electrodes of type C, the temperature distributions
ased on the experimental IR image and the modeling after the
ischarge of 10.0 min with 5C rate are shown, in Fig. 10. The
verall appearances of the temperature distributions from the
xperiment and modeling for the electrodes of type C are in
ood agreement. The maximum temperatures from the exper-
ment and modeling are close to each other near the value of
4 ◦C, although the minimum temperature from the experiment
s a bit higher than that from the modeling as for the case of the
lectrodes of type A. In Table 2, the maximum and minimum
emperatures from the experimental measurement for the battery
ith the electrodes of types A–C are compared with those pre-
icted by the modeling for the discharge rate of 5C, because the

iscrepancy between the temperatures from the experiment and
odeling would be the highest as we have observed in Fig. 7.
he maximum temperatures from the experiment and model-

ng are in good agreement for the whole range of DOD, but

able 2
aximum and minimum temperatures from the experiment and modeling for

he discharge rate of 5C

odel DOD
[%]

Minimum temperature [◦C] Maximum temperature [◦C]

Experimental Modeling Experimental Modeling

ype A 30 34.4 33.5 44.5 44.5
50 39.0 37.7 50.4 50.0
90 47.0 40.0 57.8 58.7

ype B 30 32.9 35.3 43.7 41.9
50 36.3 38.3 48.9 47.7
90 42.8 43.7 57.0 55.6

ype C 30 35.7 33.6 43.0 43.1
50 40.5 38.2 48.1 48.9
83 45.4 38.9 53.7 55
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Fig. 9. Temperature distributions based on (a) the experimental IR image and
(b) the modeling for the battery with the electrodes of type B at the discharge
time of 10.8 min with 5C rate.
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ig. 10. Temperature distributions based on (a) the experimental IR image and
b) the modeling for the battery with the electrodes of type C at the discharge
ime of 10.0 min with 5C rate.

here are some discrepancies between the minimum tempera-
ures from the experiment and modeling for the DOD values
igher that 0.5 for the batteries with all different types of elec-
rodes. If the electrodes of types A–C are evaluated in terms of
he lower maximum temperature during discharge, the electrode
f type B which has the current collecting tabs on the middle
f opposite sides of the rectangular electrode is more preferable
han those of types A and C which has the current collecting tabs
t the ends of the same side of the rectangular electrode.
. Conclusions

A mathematical procedure was developed to study the ther-
al behavior of a lithium-polymer battery. The two-dimensional
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otential and current density distribution on the electrodes of a
ithium-polymer battery were predicted as a function of dis-
harge time by using the finite element method. Modeling was
arried out for the electrodes of three different geometries to
heck the effect of the aspect ratio of the electrodes and the
lacing of current collecting tabs on the discharge behaviors of
he battery. By comparing the experimental discharge curves
ith the modeling results at the discharge rates of 1C, 3C, and
C, we confirmed that the parameters tuned for the electrodes of
ne geometry can be applied for the electrodes of other geome-
ries as long as the materials and compositions of the electrodes
nd the manufacturing processes are the same. Then, based on
he results of the modeling of potential and current density dis-
ributions, the heat generation rate as a function of discharge
ime and the position on the electrodes was calculated to pre-
ict the thermal behavior of the lithium-polymer battery. The
wo-dimensional temperature distributions from the experiment
nd modeling are in good agreement for the batteries with three
ifferent types of electrodes. The modeling methodology pre-
ented in this study, adopting a relatively simpler modeling
pproach as compared to the previously published papers by
ther researchers, may contribute to modifying the design of the
lectrode configuration.
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