
M

U
a

b

a

A
R
R
A
A

K
L
M
S
F

1

s
c
l
l
m
c
a
c
t
i
t
e
i
t
p
m
l

i
l
P
R

0
d

Journal of Power Sources 189 (2009) 841–846

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

odeling for the scale-up of a lithium-ion polymer battery

i Seong Kima, Chee Burm Shina,∗, Chi-Su Kimb

Dept. of Chemical Engineering and Division of Energy Systems Research, Ajou University, Suwon 443-749, Republic of Korea
EIG Ltd., R&D Center, Cheonan 330-814, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 28 June 2008
eceived in revised form 28 August 2008

a b s t r a c t

This paper reports a modeling approach for the scale-up of a lithium-ion polymer battery (LIPB). A compar-
ison of the experimental discharge curves with the modeling results confirmed that the parameters used
to model a small-scale LIPB could be applied to a large-scale LIPB provided the materials and composition
ccepted 2 October 2008
vailable online 17 October 2008

eywords:
ithium-ion polymer battery
odel

of the electrodes as well as the processes for manufacturing the batteries were the same. The potential
and current-density distribution on the electrodes of a LIPB were predicted as a function of the discharge
time using the finite element method. In addition, the temperature distributions of the LIPB were calcu-
lated based on the modeling results of the potential and current-density distributions. The temperature
distributions from the model were in good agreement with the experimental measurements.
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. Introduction

The lithium-ion polymer battery (LIPB) is a preferred power
ource for the hybrid electric vehicle (HEV) and electric vehi-
le (EV) on account of its high energy density, high voltage,
ow self-discharge rate, and good stability. However, much larger
ithium-ion polymer batteries than those currently available in the

arket for consumer electronics are needed for HEV and EV appli-
ations. The performance of a battery electrode is influenced by the
spect ratio of electrodes and the size and placement of the current
ollecting tabs. If an electrode is not designed optimally, the poten-
ial and current density will be distributed non-uniformly, resulting
n the non-uniform utilization of the active material over the elec-
rode. Excessive localized utilization of the active material on the
lectrode will induce an inhomogeneous temperature distribution
n the battery during high power extraction, which might cause bat-
ery degradation and thermal runaway. This effect becomes more
ronounced as the size of the electrode increases. Therefore, opti-
izing the design of the electrode is essential for the production of

arge-scale LIPB.
Mathematical modeling can play an important role when scal-
ng up a small-scale battery to a large-scale one because almost
imitless design iterations can be performed using simulations [1].
revious reviews of the modeling of lithium batteries are given in
efs. [2–5]. A one-dimensional model assumes that the gradients of

∗ Corresponding author. Tel.: +82 31 219 2388; fax: +82 31 219 1612.
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he variables adopted in the model are negligible in the two direc-
ions parallel to the current collectors [6–9]. Such an assumption

ight be valid for small-scale cells but may not be justified for
arge-scale batteries. This is because the potential drop along the
urrent collector due to ohmic drop may be significant enough to
ffect the current distribution, with a higher current closer to the
abs. Therefore, a two- or three-dimensional model may be more
esirable for large-scale batteries [10–16].

In this study, two-dimensional modeling was performed to
alculate the potential and current-density distribution on the elec-
rodes of a LIPB using the same procedure reported by Kwon et
l. [17]. They adopted a relatively simple modeling approach by
onsidering only Ohm’s law and charge conservation on the elec-
rodes based on the simplified polarization characteristics of the
lectrodes compared with the papers previously published by other
esearchers [18–26]. Thermal modeling of the LIPB was carried out
ased on the modeling results of the potential and current-density
istributions using the same procedure described by Kim et al. [27].
he coupling between the models is one-way in the sense that the
hermal model depends on the model of potential and current-
ensity distribution, but not vice versa. The modeling presented

n this work was applied to the scale-up of a LIPB from 10 to 26 Ah.

. Mathematical model
A LIPB consisting of a Li[NiCoMn]O2 positive electrode, a
raphite negative electrode and a plasticized electrolyte from VK
orporation was modeled in this study. A cell consisting of two
arallel plate electrodes of the battery shown in Fig. 1 was chosen

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cbshin@ajou.ac.kr
dx.doi.org/10.1016/j.jpowsour.2008.10.019
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Table 1
Parameters used to calculate the electrode resistance.

Parameter LixC6 Li[NiMnCo]O2

S (S cm−1) 1.0 0.139
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during discharge. The distribution of DOD on the electrode can be
calculated from the distribution of J as follows:

DOD =
∫ t

0
J dt

QT
(11)

Table 2
Fitting parameters used to calculate the potential and current-density distributions
on the electrodes.

Parameter Value

a0 in Eq. (9) (V) 4.195
a1 in Eq. (9) (V) −3.678
ig. 1. Schematic diagram of the current flow in the parallel plate electrodes of a
attery.

ecause the battery consists of the same repeating units of positive
nd negative electrode plates, polymer electrolytes and separa-
ors. In Fig. 1, the current collecting tabs are the current collectors
xtending outside from the rectangular electrodes and they do not
ontain the electrode (active) material. Fig. 1 shows a schematic
iagram of the current flow in the cell during discharge. The dis-
ance between the electrodes was assumed to be so small that the
urrent flow between the electrodes would be perpendicular to the
lectrodes. The modeling procedure used to calculate the potential
nd current-density distribution on the electrodes was the same as
hat used by Kwon et al. [17]. From the continuity of current on the
lectrodes, the following equations can be derived:

· �ip − J = 0 in ˝p (1)

· �in + J = 0 in ˝n (2)

here �ip and �in are the linear current-density vectors (current per
nit length (A m−1)) in the positive and negative electrodes, respec-
ively, and J is the current density (current per unit area (A m−2))
ransferred through the separator from the negative electrode to
he positive electrode. ˝p and ˝n denote the domains of the posi-
ive and negative electrodes, respectively. According to Ohm’s law,
p and �in can be written as follows:

p = − 1
rp

∇Vp in ˝p (3)

n = − 1
rn

∇Vn in ˝n (4)

here rp and rn are the resistances (�) of the positive and negative
lectrodes, respectively, and Vp and Vn are the potentials (V) of the

ositive and negative electrodes, respectively. The following Pois-
on equations for Vp and Vn were obtained by substituting Eqs. (3)
nd (4) into Eqs. (1) and (2):

2Vp = −rpJ in ˝p (5)

a
a
a
a
a

e

e (�m) 145 150
c (S cm−1) 6.33 × 105 3.83 × 105

c (�m) 10 20

2Vn = +rnJ in ˝n (6)

The relevant boundary conditions for Vp and Vn are given in Ref.
17].

Regarding the electrode as the equivalent network of parallel-
onnected resistors of electrode material and current collector as
n Ref. [28], the resistance, r (rp or rn), was calculated as follows:

= 1
hcSc + heSe

(7)

here hc and he are the thicknesses (m) of the current collec-
or and 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 resistance calculated by Eq. (7)
s dominated by the resistance of current collector and the potential
istribution of the electrode is essentially governed by the poten-
ial distribution of the current collector. Table 1 lists the parameters
sed to calculate the resistances for the electrodes [17,25,26].

The current density, J, of Eqs. (5) and (6) is a function of the
otential difference between the positive and negative electrodes
Vp − Vn). The functional form depends on the polarization charac-
eristics of the electrodes. In this study, the following polarization
xpression used by Tiedemann and Newman [29] and Newman and
iedemann [20] was adopted

= Y(Vp − Vn − U) (8)

here Y and U are the fitting parameters. As suggested by Gu [30], U
nd Y were expressed as functions of the depth of discharge (DOD)
s follows:

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

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

here a0–a6 are constants to be determined experimentally. Fit-
ing parameters used to calculate the potential and current-density
istribution on the electrodes are listed in Table 2.

By solving the equations listed previously, the distribution of
he current density, J, on the electrodes can be obtained as a func-
ion of the position on the electrode and time. Therefore, the DOD
aries along with the position on the electrode and time elapsed
2 in Eq. (9) (V) 18.922
3 in Eq. (9) (V) −60.364
4 in Eq. (10) (A m−2) 78.631
5 in Eq. (10) (A m−2) −543.405
6 in Eq. (10) (A m−2) 4918.64
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Table 3
Parameters used for the thermal modeling.

Component Density
(g cm−3)

Heat capacity
(J g−1 K−1)

Thermal conductivity
(W cm−1 K−1)

Current collector of positive
electrode

2.7 0.9 2.38

Electrode material of
positive electrode

1.5 0.7 0.05

Current collector of
negative electrode

8.96 0.385 3.98
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ig. 2. Schematic diagram of the electrode shapes of the LIPB with the nominal
apacities of (a) 10 Ah and (b) 26 Ah.

here t is the discharge time (s) and QT is the theoretical capacity
er unit area (Ah m−2) of the electrodes. The uniformity index, UI,
f DOD is defined as

I = DODmax − DODmin

2DODavg
(12)

here DODmax, DODmin and DODavg are the maximum, minimum
nd average values of the DOD on the electrodes, respectively. The
niformity of the DOD increases with decreasing UI. Therefore,
way of reducing UI should be devised in order to improve the

niform utilization of the active material of the electrodes and to
engthen the cycle life of the battery.

The thermal modeling procedure to calculate the temperature
istribution on the electrodes is the same as that used by Kim et
l. [27]. Since the thicknesses of the cell stacks are much shorter
han the other dimensions of the electrodes shown in Fig. 2(a) and
b), the temperature variations across the cell stacks are neglected.
ased on the differential energy conservation for a battery, the tran-
ient two-dimensional equation of heat conduction can be written
s follows:

∂T ∂
(

∂T
)

∂
(

∂T
)

Cp
∂t

=
∂x

kx
∂x

+
∂x

ky
∂y

+ q − qconv (13)

here � is the density (kg m−3), Cp is the volume averaged specific
eat capacity at constant pressure (J kg−1 ◦C−1), T is the temperature
◦C), kx and ky is the effective thermal conductivity along the x and

t
s
s
i
t

lectrode material of
negative electrode

2.5 0.7 0.05

eparator 1.2 0.7 0.01
ouch 1.15 1.9 0.16 × 10−2

directions (refer Fig. 1 for the x and y directions) (W m−1 ◦C−1),
espectively, q is the heat generation rate per unit volume (W m−3),
nd qconv is the heat dissipation rate (W m−3) through the surfaces
f the battery by convection. The effective thermal conductivities
f various compartments of the cell can be estimated based on the
quivalent networks of parallel and series thermal resistances of
he cell components [11,16].

The heat generation rate, q, is given as follows:

= aJ
[

Eoc − E − T
dEoc

dT

]
+ aprpi2p + anrni2n (14)

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

n are the magnitudes of the vectors �ip and �in obtained by Eqs. (3)
nd (4) (A m−1), respectively. The detailed definition of each term
n the right-hand side of Eq. (14) is described in Refs. [27,31,32].
he heat dissipation rate, qconv, is derived as follows

conv = 2h

d
(T − Tair) (15)

here h is the convective heat transfer coefficient on the surfaces
f the battery (W m−2 ◦C−1), d is the thickness of the battery in the
irection perpendicular to the parallel electrodes (m), and Tair is
he ambient temperature (◦C). This term is rendered by an approx-
mation of a three-dimensional object into a two-dimensional one,
s shown in Eq. (15). The convective boundary condition applied
o the boundaries of the electrode is reported by Kim et al. [27].
able 3 lists the parameters used for the thermal modeling.

. Results and discussion

The solutions to the governing Eqs. (5), (6) and (13) subject to
he associated boundary conditions were obtained using the finite
lement method. Although numerical simulations were performed
or the electrodes of many different shapes of a LIPB, the results
or the electrodes of Fig. 2 are shown because it is believed they
re sufficient to demonstrate the salient features of the model pre-
ented in this paper. In order to test the validity of the model,
ischarge experiments were carried out at room temperature using
10 Ah battery fabricated by VK Corporation, of which the dimen-

ions of the electrodes and the positions of the tabs are shown
n Figs. 2(a). 3(a) shows the calculated discharge curves from the

odel and experimental data. At various discharge rates from 0.5 to
C, the experimental discharge curves are in good agreement with
he modeling results based on the finite element method. Fig. 3(b)
hows the discharge curves predicted for a 26 Ah LIPB based on the
ame modeling parameters obtained for 10 Ah LIPB and the exper-
mental data. Fig. 2(b) gives the dimensions of the electrodes and
he positions of the tabs for the 26 Ah LIPB. At various discharge
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range of DODs at various discharge rates. However, the discrep-
ig. 3. Comparison of the experimental and modeling discharge curves at discharge
ates ranging from 0.5 to 5 C for the LIPB with nominal capacities of (a) 10 Ah and (b)
6 Ah. The solid lines denote the experimental data and open circles are modeling
esults based on the finite element method.

ates from 0.5 to 5 C, the experimental discharge curves are in good
greement with the modeling results. These results suggests that
he modeling parameters obtained for a small-scale battery can be
sed to predict the discharge characteristics of a large-scale bat-
ery without additional adjustments of the parameters provided
he materials and compositions of the electrodes as well as the
abrication parameters (in particular the loading or thickness of
he porous electrode films) are the same. The model can be used
o predict the effect of the configuration of the electrodes such as
he aspect ratio of the electrodes and the size and placement of
urrent collecting tabs on the uniformity of the utilization of the
ctive material of electrodes as well as the discharge and thermal
haracteristics [17,27].

The distributions of the potential and current density on the
lectrodes during discharge were obtained as a function of time
or various discharge rates. As an example, Fig. 4(a)–(c) shows the
istributions of the potential on the positive electrode, the poten-
ial on the negative electrode, and the current density for the 26 Ah
IPB at a discharge time of 30 min at a rate of 1 C, respectively. In
ig. 4(a), the potential gradient on the positive electrode appears
o be most severe in the region where the tab is attached to the
urrent collector. This is because all the current flows through the

onducting current collector into the tab from the entire electrode
late. Again, the potential gradient on the negative electrode shown

n Fig. 4(b) is the highest at the region near the tab because all the
urrent needs to flow from the tab through the entire electrode

a
a
a
t

ig. 4. Distribution of (a) the potential on the positive electrode, (b) the potential
n the negative electrode, and (c) the current density on the electrodes for a 26 Ah
IPB at a discharge rate of 1 C for 30 min.

late. Fig. 4(c) shows the non-uniform distributions of the current
ensity transferred from the negative electrode to the positive elec-
rode during discharge at a rate of 1 C. The distributions of the DOD
n the electrodes can be obtained by integrating the current den-
ity with respect to time. The change in the UI of the DOD with
ime can be calculated based on the distributions of the DOD. Fig. 5
hows the UIs of the DOD of the 10 and 26 Ah LIPB as a function of
he average DOD over the entire electrode area at a discharge rate
f 1 C. The UI of the DOD maintains a higher value for the 26 Ah LIPB
han for the 10 Ah LIPB throughout the whole stages of discharge.
his trend shows that the non-uniformity of the utilization of the
ctive material of the electrodes becomes more pronounced as the
ize of the electrode increases, because the uniformity of the DOD
ncreases with decreasing UI based on the definition of UI. Once the
apacity of the LIPB is given, such calculations for the electrodes of
ifferent shapes can be iterated limitlessly in order to optimize the
esign of the electrode configuration, as discussed by Kwon et al.
17].

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 at
arious discharge rates using Eq. (13). As a demonstration, Fig. 6
hows the temperature distributions based on the experimental
R image and the modeling for the 26 Ah LIPB after the discharge
or 10.8 min at a rate of 5 C. The overall temperature distributions
rom the experiment and model are in good agreement. The tem-
erature near the current collecting tab of the positive electrode

s higher than that of the negative electrode. This was attributed
o the electrical conductivity of the active material of the positive
lectrode being much lower than that of the negative electrode,
ven though both the current flows near the tabs of the positive
nd negative electrodes are similarly high. The maximum temper-
tures from the experiment and model were similar, approximately
3 ◦C, even though the minimum temperature from the experi-
ent is slightly higher than that from the model. Fig. 7(a) and

b) shows the maximum and minimum temperatures from the
xperimental measurements for the 26 Ah LIPB and those predicted
y the model, respectively. The maximum temperatures from the
xperiment and modeling were in good agreement over the whole
ncy between the minimum temperatures from the experiment
nd modeling increased for DOD values >0.5 at discharge rates of 1
nd 3 C. As we may notice from Fig. 6(a) and (b), the temperatures of
he corners of the electrodes have the minimum values, where the
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ig. 5. UIs of the DOD for the LIPB with nominal capacities of 10 and 26 Ah as a
unction of the average DOD at a discharge rate of 1 C.

ffect of two-dimensional approximation of the three-dimensional
IPB on the accuracy of the thermal modeling is maximal. There-

ore, the two-dimensional model of this work was unable to pick
p the physics of the system accurately for the minimum tempera-
ures. The model may improve for the minimum temperatures, if it
s extended to three-dimensional, which is beyond the scope of this

t
L
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ig. 6. Temperature distributions based on (a) the experimental IR image and (b)
he modeling for the LIPB of 26 Ah at a discharge rate of 5 C for 10.8 min.

ork. In Fig. 8, the maximum temperatures from the experimen-
al measurements for the 26 and 10 Ah LIPBs were compared with
hose predicted by the model. Although the difference between the

aximum temperatures of the 26 and 10 Ah LIPBs were minute at
emperature of the 26 Ah LIPB was higher than that of the 10 Ah
IPB. This suggests that the optimal design of the larger electrode of
he LIPB is essential for preventing possible significant temperature
ncreases during high power extraction.
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Fig. 7. Comparison of (a) the maximum temperatures and (b) the minimum tem-
peratures from the experiment and model for a 26 Ah LIPB at discharge rates of 1, 3,
and 5 C.

Fig. 8. Comparison of the maximum temperatures from the experiment and model
for 10 and 26 Ah LIPBs at discharge rates of 1 and 5 C.
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. Conclusions

A mathematical procedure was developed for the scale-up of
LIPB. The two-dimensional potential and current-density distri-
ution on the electrodes of a LIPB were predicted as a function of
he discharge time using the finite element method. By compar-
ng the experimental discharge curves of 10 and 26 Ah LIPBs with
he modeling results at discharge rates ranging from 0.5 to 5 C, it
as confirmed that the parameters tuned for the electrodes of a

mall-scale battery can be applied for the electrodes of a large-scale
attery provided the materials and compositions of the electrodes
s well as the manufacturing processes are the same. Based on the
odeling results of the potential and current-density distributions,

he heat generation rate as a function of the discharge time and
osition on the electrodes was calculated to predict the thermal
ehavior of the LIPB. The two-dimensional temperature distribu-
ions from the experiment and model were in good agreement.
he modeling methodology presented in this study, which adopted
relatively simpler modeling approach than in previous studies,
ay contribute to the scale-up of the LIPB and modification of the

lectrode configuration.
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