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Abstract The thermal behavior of pouch-type lithium-
ion batteries during discharge and charge cycles is inves-
tigated by numerical simulation. A transient thermal model
using finite element method software is developed through
the modification of an electrochemical-thermal model. The
developed model is validated with experimental data. For
the experiment, a 304252 pouch cell is fabricated and
tested in the laboratory. This model captures the dynamic
responses of temperature, and distributions of current
density and temperature, during discharge and charge
cycles. Our results indicate that the discharge temperature
is higher than the charge temperature at cut-off voltage.
The temperature distribution upon discharge is similar to
that of charge. On the other hand, different temperature
distributions are observed at various C rates. The temper-
ature profiles obtained from modeling and experiment are
in good agreement.
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NE Negative electrode
Max Maximum

1 Introduction

Lithium-ion (Li-ion) batteries are widely used as power
sources in products ranging from portable devices to hybrid
electric vehicles (HEVs), and have received much attention
as key devices for electric vehicles (EVs) and energy
storage systems (ESSs). Such applications require the
scale-up of commercial Li-ion batteries. As the battery size
increases, its heat generation increases, leading to a tem-
perature rise and non-uniform temperature distribution in
the battery. The high temperature can deteriorate cell per-
formance and the possibility exists that temperature non-
uniformity induces partial degradation in the battery. This
may result in a serious safety problem. As a result, thermal
management becomes the key factor affecting battery cycle
life and safety.

To define and optimize a thermal management system,
it is necessary to understand the thermal behavior of
batteries. There have been many previous works in the
area of thermal management of Li-ion batteries based on
numerical modeling and experiment. Early studies of
battery thermal management focused on a fundamental
understanding of battery prototypes with numerical mod-
els [1-6]. Recently, researchers have conducted numerical
simulations combined with experiments on commercial-
scale Li-ion batteries [7-17]. In most of these studies, a
thermal model is coupled with three different approaches
to characterize the thermal behavior of a battery: a semi-
empirical model, an equivalent circuit model, and an
electrochemical model. The first two models describe
thermal behavior while ignoring the detailed physics of
electrochemistry that includes distribution of electronic
and ionic currents and depending temperature contour
[16]. On the other hand, a coupled electrochemical-ther-
mal model accounts for the thermal behavior of a battery,
and provides insight into electrochemical phenomena.
This model is well suited for battery component design by
providing detailed information about electrochemical
behavior. However it is not compatible with full cell-scale
battery design for thermal management purposes due to its
high computational cost [11]. We therefore developed a
simplified and computationally efficient thermal model
that can be used to estimate the internal temperature of the
battery.

In this study, the thermal behavior of a pouch-type Li-
ion battery is investigated. A transient three-dimensional
model is incorporated with finite element method (FEM)
simulation. To limit the computing time for the thermal
analysis, a mathematical reduction of a complex
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Fig. 1 Pouch type Li-ion battery

electrochemical-thermal model has led to the development
of simplified thermal model in this study. Since the major
issues in thermal modeling of Li-ion batteries are exo-
thermic and endothermic heat generation due to entropy
change, these are calculated at the heat source term using
experimental data. Although Li-polymer batteries (LIPBs)
are currently one of the most popular applications in EVs
and HEVs, few studies have been reported in the literature
on thermal behavior of pouch cell. In addition, there are
few reports in the literature on the thermal analysis of Li-
ion batteries during charging, even though rapid charging
of EV and HEV batteries has attracted much attention
recently. Therefore, we conducted thermal modeling on the
discharge and charge of this type of battery. To determine
the reliability of the proposed model, the simulated results
are compared with the measured battery temperature.
Consequently, the goals are to understand the thermal
behavior of a pouch-type Li-ion battery and validate the
developed thermal model.

2 Experiment
2.1 Cell fabrication

A 304252 pouch cell with 0.23 Ah capacity is fabricated in
the laboratory, as shown in Fig. 1. The cell is comprised of
repeating units of porous positive and negative electrodes
with current collectors, an electrolyte of 1 M LiPFg in 1:1
ethylene carbonate (EC):dimethyl carbonate (DMC), and a
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porous polyethylene (PE) separator. The positive electrode
consists of 94 wt% LiMn,O, (LMO) mixed with 3 wt%
carbon black and 3 wt% polyvinylidene difluoride (PVdF).
The negative electrode consists of 94 wt% artificial
graphite mixed with 1 wt% carbon and 5 wt% styrene-
butadiene rubber (SBR). Aluminum and copper foils were
used as the positive and negative current collectors,
respectively. The cathode (i.e., the positive electrode was
coated on both sides of the aluminum foil) and the anode
(i.e., the negative electrode was coated on both sides of the
copper foil) were stacked in the polypropylene-coated
aluminum pouch. The cathode and anode were separated
by a porous separator. A positive tab was welded on the
positive current collector and a negative tab was welded on
the negative current collector using a resistance welder.
Aluminum and nickel were used as the positive and neg-
ative tabs, respectively.

2.2 Temperature measurement

A temperature measurement was conducted on an LMO/
graphite Li-ion battery. Figure 2a shows the experimental
devices used to measure the thermal behavior of the
304252 pouch cell during discharge and charge cycles.
The experiment was conducted in a laboratory where a
constant ambient temperature was kept. A schematic
diagram of the experimental setup is shown in Fig. 2b.
The cell was charged and discharged on a battery test
station (model 4600A, Maccor). The surface temperature
was recorded using a calibrated thermal data logger
(model 51101C, Chroma). To keep the cell away from the
external heat sources, it was placed in a chamber in which
a constant temperature of 24.5 °C was maintained during
the test. The cell was equipped with K-type thermocou-
ples. The battery test station, chamber and data logger
were connected to a personal computer to control and
record the applied current, output voltage, and tempera-
ture. A constant-current-constant-voltage (CCCV) proto-
col for both the charge and discharge cycles was used
until reaching a cut-off voltage (4.2 V for charge and
3.0 V for discharge). A rest time between the charge and
discharge was given to relax and stabilize the voltage and
the temperature of the cell.

3 Model development
3.1 Thermal model

A transient thermal model is developed to solve the energy
equation using commercial finite element analysis (FEA)
software. The energy balance equation can be written as
follows.

* Battery Test Station

Constant

Temperature ;

Chamber "
Thermocouple

1

i
2

(b)
Control PC Thermal
Data Logger
f E (Chroma 51101C)
®
: A
Battery
Test K-type
Station Battery Thermocouples
(Maccor 4600A) Constant
Temperature
Chamber

Fig. 2 a Schematic diagram of experimental setup and b picture of
experimental devices

or .
pCr =, = V(KVT) + g (1)
where p is the density, C, is the heat capacity, T is the
temperature, ¢ is the time, and « is the thermal conductivity.
¢ is the heat source per unit volume in the battery which is

%. The heat source Q as derived by Thomas and Newman

[5] is expressed as

. ove
_ 0 __ _ _ avg ..
Q=1(V'—V)—IT > AHr;

S g

where [ is the applied current (which is positive on dis-
charge and negative on charge), V is the cell voltage, V° is
the open circuit voltage (OCV), AH, is the enthalpy change
of chemical reaction i, r; is the rate of reaction i, I:IJ is the
enthalpy of species j, ¢; is the concentration of species j,
and v is the volume. The first term on the right side of Eq.
(2) is the heat generation due to irreversible resistance.
Therefore, the first term can be written as IZR,~ [7, 8]. The
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second term is the heat generation due to a reversible
entropy change by recalling /792 = TAS L. This term can
be either positive or negative, depending on the entropy
change and the direction of the current. The third term is
the heat generation due to a chemical reaction that may be
present in the cell. The fourth term is the heat of mixing
due to a concentration gradient in the electrodes. In this
study, the last two terms were not considered by assuming
that the side reactions accounting for aging are very slow
and the concentration gradient within the electrodes are
negligibly small [5, 11]. Therefore Eq. (2) can be reduced
to

. ) ove
Q=IR;, - ITW (3)
Resistive heating is caused by the electrical resistance of
the components to the passage of current. Therefore the
first term mostly occur at the positive and negative current
collectors (Al and Cu foils), and the positive and negative
tabs. The second term mainly occurs at the positive and
negative electrodes due to chemical reaction which is
called the entropy change. The open circuit voltage (OCV)
experiment at various temperatures gives the value of %.

Therefore Eq. (3) can be written as

O = ’Rpcc + PRyce + PRy + PRy
ove ove
7 (i I ()
oT /) p oT ) ng

Using Eq. (4), the energy balance [Eq. (1)] allows us to
solve heat source terms directly using Eq. (4), which does
not include complex electrochemical processes. Since a
coupling with the electrochemical-thermal model is not
necessary in this model, computational cost can be reduced
significantly, and thermal modeling of a complex three-
dimensional structure can be achieved. This methodology
allows simplification of the thermal modeling of a Li-ion
battery in terms of thermal management.

3.2 Coupled thermal-electrical analysis

This study employed the FEA using ABAQUS to deter-
mine the resistive heating. In this software, the electrical
current is solved using Ohm’s law as follows.

i=—-0 Ve (5)

where ¢ is the electrical conductivity, and ¢ is the elec-
trical potential. The electrical potential in a steady flow of
current is governed by the Laplace equation VZ¢ = 0.
Therefore, the electrical potential and current density are
obtained by electrical conduction analysis [18]. Using
Ohm’s law, the heat generation due to irreversible resis-
tance is calculated as
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Fig. 3 Schematic configuration of a pouch type Li-ion battery model
and finite elements meshes. The three-dimensional model consists of
multiple layers of same repeating unit of positive electrode, positive
current collector, separator, negative electrode, and negative current
collector

i*R; = / Véo - a; - Vodv (6)

where v is the volume. Since the electrical conductivity of
the electrodes are very small, the electrical current at
positive and negative electrodes can be neglected. A
detailed description of the equations can be found in the
Abaqus Analysis User’s Manual [19].

3.3 Geometry and boundary conditions

A schematic configuration of the pouch-type Li-ion battery
and finite element mesh considered in this study are shown
in Fig. 3. The three-dimensional model is constructed
using heat transfer solid elements. The finite element mesh
has 25584 hexahedral elements and 29166 nodal points.
The pouch cell is stacked by the same repeating units
(positive electrode, positive current collector, separator,
negative electrode, and negative current collector). The
width and length of electrodes and current collectors are
assumed to be same as 29.5 mm x 42 mm for the sim-
plicity of the model. Table 1 lists geometry details, and
properties that were collected from the literature [20-23].
The effect of the aluminum pouch on the thermal analysis
is neglected because its size is too small to be considered.
Although potential gradients are expected in the electrodes,
the current generation is treated as uniform throughout the
electrodes because thin electrodes are used. Thus, the
potential gradient is negligibly small and the current flows
quickly though the current collectors.
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Table 1 Physical properties Material L (um) pGkgm™) xWm 'K C 0k 'K o(Sm)
used for the transient thermal
model Positive electrode LiMn,O, 57.5 4,140 5 0.7 0.069
Negative electrode LiCq 55 2,500 5 0.7 100
Positive current collector Al 15 2,700 200 0.87 38 x 10°
Negative current collector Cu 10 9,000 380 0.381 60 x 10°
Separator PE 16 1,200 1 0.7 -
Positive tab Al 100 2,700 200 0.87 38 x 10°
Negative tab Ni 100 8,910 91 0.26 14 x 10°
To calculate the coupled thermal-electrical model, the __ 44
discharge current is applied at the end of positive tab and ? ik % (a)
the interfa?e of. negative electrode/negative current col- % ' P cmoocmr%b%
lector. During discharge, current flows from the anode to j 4.0 00 Coog,
the cathode. Since the lead wire is not modeled in this 2 sl OQ)O%Q)Q) 104
study, discharge current is applied at these two points. The cig‘) e . % Jo2 v)
reference potential of zero is taken at the end of negative % 3ot ., L . 8 loo %
tab and the interface of positive electrode/positive current R % . o ce o o =
collector. In the case of charge, the reverse boundary -5 o Ref. [34] ° ° o S
conditions are applied. To solve the energy equation, § 32p o R[] —> g 04 =
convective heat transfer boundary conditions are applied to © 3 . . . . . . . 06
the outer surfaces. A surface boundary condition that is 0203 04 05 06 07 08 09 10
dependent on the convective heat transfer is expressed as xin LixMn204
Geonvection = h(T - TO) (7) — 04
> (b) {03
where h is the heat transfer coefficient. The battery is 5 & o Ref.[35] {02 o
operated at a constant temperature of 24.5 °C with heat 3 "t " Ref. [26] lo1 =
transfer coefficient of 7.17 W m~2 K~! [24]. ¢ f " 10.0 B
Figure 4 shows the measured % and the OCV of the go sk " ™, LI H{-0.1 %
LMO and LiCgq considered in this study. %LT is taken from §. o4k o - - 102 =
Thomas et al. [25] and Srinivasan and Wang [6]. Because § 03l : g:
% varies according to the Li content, the values of the Li £ 02l B o '
content are obtained through the porous electrode model g 01f ¢— ™o ooooo ™05 o errom w0 o oo o
using the existing Li-ion battery model in the COMSOL S o T S S S S N
00 01 02 03 04 05 06 07 08 09 10

Multiphysics with the Chemical Engineering Module. At
the end of the discharge/charge cycles, the Li contents at
the positive and negative electrode surfaces are calculated
using the following equations.

Ci Ci 8
- cmax Y= cmax ( )
1,cathode 1,anode

where c; is estimated by taking the average of the Li-ion
concentration at the particle surfaces. The initial Li com-
positions on the positive and negative electrodes are set to
0.3 and 0.75 for discharge and 0.8 and 0.1 for charge,
respectively. The governing equations and constitutive
equations used in this software package can be found in the
literature [26-28], and in the COMSOL Multiphysics
User’s Guide [29]. For the sake of brevity, these equations
will not be repeated in this paper. The parameters used in
this model are listed in Table 2, and are taken either from
measurement or the literature [15, 30, 31].

y in LiyCs

Fig. 4 Figure 3 open circuit voltage vs Li/Li* and entropy changes
as a function of Li content in a LMO (x) and b LiCgq (y)

3.4 Numerical procedure

A FEM based on the commercial finite element solver
ABAQUS is used to solve the fully coupled governing
equations. Governing equations for the constitutive equa-
tion of electrical flow (i.e., Ohm’s law) and the thermal
energy balance are solved in the same step by applying the
same interpolation function. Using the obtained Li content
and run-time, the transient thermal model employing the
coupled thermal-electrical model is simulated. Because the
thermal-electrical equations are unsymmetric, the unsym-
metric solver is invoked automatically. The time increment
for a constant-current discharge and charge is 1s. The
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Table 2 Parameters used to calculate the capacity characteristic

Cathode Anode Separator
D; (m?s7Y) 751 x 1071 3.9 x 1071 -
D, (m2 s*') 1 x 107410-443(540/(T-229.0-0050)) _ 3 3 5 10 — 4c,
rp (Hm) 8 10 -
& 0.62 0.508 -
& 0.357 0.46 0.7
v 0.601 — 0.244/10 3¢, + 0.982 |1 — 0.0052(T — 294.0)\/10*%3]
' (mol m™>) 22,360 26,390 -
k ((A m™2 mol m—3)*?) 6.1 x 107 485 x 107° -
42 28.0 =
a a)
% ( ) 275+ (
4.0 o
270 F Experiment
8) o IC
38 T 265+ o 3C
Z, g A 5C
go 3.6 § 260 —— Simulation
= Experiment . 255
> 34l @ 1IC 5 5
' o 3C B 250
a 5C
32F —— Simulation 24.5
24.0
3.0 L L L 0 500 1000 1500 2000 2500 3000 3500 4000
0 50 100 150 200 250 Time (sec)
Capacity (mAh) )
27.0
(b)
26.5
£ 260
3 S e
I s 25.
) g
>O E 25.0
24.5
32
24.0 —————a——a——a——a
3.0 L L L L 0 500 1000 1500 2000 2500 3000 3500
0 50 100 150 200 250

Capacity (mAh)

Fig. 5 a Discharge and b charge capacity at 1C, 3C and 5C rates. The
simulation is compared with experiment

explicitly coded program is developed to calculate the heat
source due to an entropy change. The computational time
for the present calculation required about 25 s per time
step on 12 nodes parallel processors with a 3.30 GHz clock
speed.
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Fig. 6 a Surface temperature profiles at 1C, 3C and 5C rates
a discharge and b charge. Temperature is measured at the center of
the cell. The modeling results are compared with experimental results
for the validation of thermal model

4 Model validation

To validate the thermal model, a comparison between the
experimental results and the FEA results is made. To
examine the dynamic response of the thermal behavior,
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Fig. 7 Surface temperature profiles at 5C discharge. Temperatures of
modeling and experiment are compared at three different locations.
(positive tab base, negative tab base and center of the cell)

temperature profiles under various discharge and charge
rates are presented in Figs. 5, 6, and 7. A comparison with
the existing correlation is made at approximately the same
locations.

4.1 Capacity validation

The capacity characteristic is first validated to identify the
performance of the cell using COMSOL Multiphysics.
Figure 5 shows the capacity characteristics of a pouch-type
Li-ion battery. The discharge and charge capacity are
predicted at rates of 1C, 3C, and 5C. The simulation results
are in good agreement with the experimental measurements
over various rates of discharge and charge. On the other
hand, there is a slight discrepancy between the experiment
and modeling in some regions. Because the simulation is
conducted using a pseudo two-dimensional model by
assuming constant parameters, this model is unable to
predict the physics of the system accurately. Extending the
model to three dimensions and the use of variable param-
eters that depend on the temperature might improve the
accuracy, but this is beyond the scope of this work.

4.2 Thermal characteristic

To validate the thermal characteristic of a pouch-type Li-
ion battery, the predicted temperature is compared with
experimental data as shown in Fig. 6. The figure gives the
experimentally and numerically obtained temperature
profiles during discharge and charge. Figure 6a shows the
surface temperature profiles at discharge rates of 1C, 3C,
and 5C. The temperature is measured at the center of the
cell. The temperature increase is small at the 1C discharge,
whereas it is significant at the 5C discharge. As the dis-
charge proceeds, the temperature increases while waving in

the middle. This behavior is attributed to the chemical heat
source, which is characterized by heat generation due to a
reversible entropy change. From Fig. 4, %LT has positive
values at 0.6 <x < 0.7 and x < 0.46 which means an
endothermic process, and a steep gradient is observed at
0.46 < x < 0.6. Thomas et al. [25] reported that %LT chan-
ges from positive when the lattice is nearly empty, and to
negative when next-nearest neighbor sites are nearly full.
When x < 0.4, there is little ordering between the sub-
lattices and each increment of lithium added to the lattice
involves a similar interaction among neighbors. Monte
Carlo calculations [32, 33] predicted strong ordering of
lithium between the two lattices where the disorder-to-
order transition occurs at x ~ 0.4, and order-to-disorder
transition occurs at x ~ 0.6. Therefore, the almost constant
entropy change at x < 0.46 results in a moderate temper-
ature rise at the beginning of discharge, and a steep entropy
change gradient made a waving region in the middle of the
discharge. On the other hand, the peak and valley in the
waving region become small at a high discharge rate. This
indicates that the effect of heat generation due to a
reversible entropy change becomes insignificant at a high
discharge rate. This is because the heat sources are strongly
dependent on the current density; i.e., Gregistance ~ - and

Genwropy ~ I> as can be seen in Eq. (3). Figure 6b shows the

surface temperature profiles at charge rates of 1C, 3C, and
5C. The measuring point is the center of the cell. The
surface temperature increases as the charge proceeds.
Similar to the discharge curve, a waving region is observed
in the middle. This is attributed to the heat generation due
to reversible entropy change as previously discussed. At a
charge of 1C, the temperature increase is small and the
temperature profile fluctuates at the beginning. This is
because of positive %LT" at 0.6 < x < 0.7. On the other hand,
at a 5C charge, the surface temperature increases signifi-
cantly and the profiles become linear. As shown in Fig. 6a
and b, the temperature profiles of the discharge and charge
are different. The surface temperature on discharge is
higher than that on charge at the end of the discharge/
charge. The temperature difference becomes significant as
the C rates increases. This is attributed to the entropy
change which contributes differently on the discharge/
charge cycle, and shorter charge time.

Figure 7 shows the surface temperature profiles at a 5SC
discharge. The simulated temperature is compared with
experimental data at several measuring points. The surface
temperatures are measured at the positive tab base, nega-
tive tab base, and the center of the cell. The temperature
differences among the measured points are small which
indicates a uniform temperature distribution. The negative
tab base presents higher temperature, whereas the positive
tab base presents lower temperature. This is attributed to
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the different electrical conductivities between the two tabs.
Because aluminum is used as a positive tab and nickel is
used as a negative tab, higher resisting heat generation
occurs at the negative tab base. Although the surface
temperature is measured at various discharge and charge
rates, these results are not presented because the tempera-
ture differences among the measured points are very small
at a lower C rate which is hard to figure out.

The temperature profiles of the FEA result are in good
agreement with the experimental results, and there is a
small discrepancy between them. The slight difference
between the FEA and the experimental results can be
attributed to several causes. One reason is that the location
of the thermocouples does not exactly match the locations
of the FEA node. Another reason is that the value of
entropy change used in this simulation might have an
inaccuracy. As Thomas et al. [25] pointed out, although
several experiments for the measurement of %LT” have been
conducted, there is a discrepancy between their results
depending on the measuring technique and the measuring
error. Also, the material properties during operation can be
changed due to a change in temperature. If the model
parameters that depend on temperature can be used to
update the material properties, more accuracy can be
achieved. Moreover, coupling of the electrochemical-
thermal model might improve the accuracy, but this is
beyond the scope of this work.

5 Results and discussion

Current density and temperature distributions are obtained
using the FEM-based commercial software. To investigate
the uniformity of the current density and temperature that
affects the cycle life and battery safety, these contours are
illustrated in Figs. 8, 9, 10, and 11. The distributions of
current density and temperature are presented at various
discharge/charge rates.

Figure 8 shows the current density distribution at the
end of a 5C discharge. Figure 8a and b show the current
density distribution on the positive current collector and
negative current collector, respectively. The current density
near both tab bases is significantly higher than in the other
locations, which corresponds to the results of Kwon et al.
[9]. This is because most of the current flows through the
small area of the tab base and the resulting large resistance.
The simulation result reveals that the current density is
asymmetrically distributed because of the different elec-
trical conductivities of the two current collectors, even
though the two tabs are symmetrically located. Kwon et al.
[9] reported that the width of the tab base and the position
of the two tabs significantly affect the current density
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distribution, and can affect the use of the active material of
the electrodes. This indicates that the wide tab is favorable
for the battery cycle life. On the other hand, a wide tab
might cause difficulty in the manufacturing process and
increase the possibility of electrolyte leakage through the
interface of the tab and pouch.

The current density distribution on the positive current
collector and negative current collector at the end of the
5C charge are shown in Fig. 9a and b. This figure pre-
sents a contour similar to that shown in Fig. 8, which
indicates that the current density distribution on the dis-
charge and charge are almost the same. This occurs
because the applied current is the same, and has a dif-
ferent flow direction between discharge and charge. These
results are in good agreement with the results of Kim
et al. [10, 13]. The current density distribution at 1C, 3C,
and 5C discharges/charges shows a similar contour, and
gives only different values of current density. Therefore,
these results are not presented in this work.

Figure 10a, b, and ¢ show the temperature distribution
of the pouch-type Li-ion battery at the end of 1C, 3C, and
5C discharges, respectively. The temperature distributions
present different contours at each C rate, and are asym-
metric due to the difference in electrical conductivities of
the positive and negative tabs. The maximum temperature
is found below the center of the cell on 1C discharge, at the
center of the cell on 3C discharge, and at the negative tab
base on 5C discharge. This is attributed to the applied
current and different electrical conductivities of the two
tabs. At a low C rate, the resisting heat generations at the
current collectors and tabs are small because the applied
current is low; i.e., nominal capacity is small. On the other
hand, at a high C rate where high current is applied, the
contribution of resisting heat generation becomes signifi-
cant because Of §eqisance ~ i2- Also the electrical conduc-
tivity of the negative tab is lower than that of the positive
tab, which indicates higher heat generation at the negative
tab. Therefore, the maximum temperature is observed at
the negative tab base at 5C discharge. This is contrary to
the results of Xiao Choe [16] and Yi et al. [17], who
reported a higher temperature distribution near the positive
tab. This is because they used copper on the negative tab
with a higher electrical conductivity than that of the posi-
tive tab, which resulted in lower heat generation on the
negative tab. On the other hand, precautions should be used
when copper is used as a negative tab because copper is
susceptible to corrosion when exposed to air. Also, copper
is known to have problems in the process of resistance
welding between the negative tab and negative current
collector due to low electrical resistance. Nevertheless, the
temperature differences across the cell are not significant,
which indicates a uniform temperature distribution. This
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Fig. 8 Current density
distribution at the end of 5C
discharge. a positive current
collector, b negative current
collector

Fig. 9 Current density
distribution at the end of 5C
charge. a positive current
collector, b negative current
collector

small temperature differences are attributed to the small
pouch cell and low nominal capacity.

Figure 11a, b, and c show the temperature distribution of
the pouch-type Li-ion battery at the end of 1C, 3C, and 5C
charges, respectively. The temperature distribution on
charge has a similar contour to that on discharge. At 1C

(a) (b)
(a) (b)

i [A/mmY

2.346
2.151
1.955
1.760
1.564
1.369
1.173
0.978
0.782
0.587
0.391

0.196
4.6E-4

i [A/mm7

2.346
2.151
1.955
1.760
1.564
1.369
1.173
0.978
0.782
0.587
0.391

0.196
2.6E-4

charge, a maximum temperature is observed on the same
discharge location, which is located below the center of the
cell. On the other hand, a maximum temperature is slightly
displaced from the center of the cell toward the negative tab
at 3C charge. At 5C charge, a maximum temperature is
found on the same discharge location, but the overall
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T [°C]

25.192
25.190
25.188
25.186
25.184
25.183
25.181
25.179
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25.175
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25.170

(@) (b)

T[°C] T[°C]
26.194 27.493
26.190 27.488
26.187 27.483
26.184 27.478
26.180 27.473
26.177 27.468
26.174 27.463
26.170 27.458
26.167 27.453
26.163 27.448
26.160 27.443
26.157 27.438
26.153 27.433

Fig. 10 Temperature distribution of pouch cell at the end of a 1C, b 3C and ¢ 5C discharges

T[°C]
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(a) (b)

T[°C] T[°C]
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25.725 26.312
25.722 26.307
25.720 26.303
25.718 26.299
25.716 26.295
25.714 26.291
25.712 26.286
25.710 26.282
25.708 26.278
25.706 26.274
25.703 26.270

Fig. 11 Temperature distribution of pouch cell at the end of a 1C, b 3C, and ¢ 5C charges

temperature distribution is slightly changed due to a com-
paratively higher temperature at the negative tab base.
Furthermore the temperature range is changed, which is
lower than the discharge temperature.

6 Conclusion

An FEM-based three-dimensional thermal model was
developed to characterize the thermal behavior of a pouch-
type Li-ion battery. A comparison of modeling and
experimentally determined temperature profile results
shows that the modeling results are in good agreement with
the experimental data. These results suggest that the dis-
charge temperature is higher than the charge temperature at
the end of the discharge/charge cycle. The temperature

@ Springer

profiles have a waving region, which is closely related to
the entropy changes of LMO and LiCg. On the other hand,
the peak and valley in the waving region become smaller as
the C rate increases. This indicates that the contribution of
the entropy change is significant at a low C rate, whereas
this becomes small at a high C rate. Also, this implies that
thermal behavior is closely related to the entropy change
and applied current. An asymmetric current density dis-
tribution is observed on the current collectors and high
current density is found near the tab base. This is attributed
to the different electrical conductivities of the two current
collectors and the narrow tab base, which causes large
resistances in this region. The temperature distributions are
different at various C rates, but the temperature distribu-
tions of discharge and charge present similar contours at
the same C rate. The maximum temperature is observed
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below the center of the cell at the 1C rate, but it is located
on the negative tab base at the 5C rate. This indicates that
the effect of resisting heat generation by the negative tab is
significant at a high C rate.

The results show that thermal model presented in this
study is valid for various discharge/charge rates and can
accurately predict the thermal behavior of a pouch-type Li-
ion battery. Because the coupling of a complex electro-
chemical-thermal model is computationally expensive, the
proposed model can be effective in predicting the cell
temperature for thermal management. Moreover, by saving
calculation costs efficiently, this model can be readily
extended to the thermal analysis of a battery module or
pack, which is necessary in EV and HEV battery design.
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