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Introduction

Even as the price of transportation fuels fluctuates, interest
in hybrid and fully electric powered vehicles continues to
grow, driven by environmental, economic, and national
security motives. Research and development efforts
spanning universities, industry, and research institutions
strive for ever higher energy and power densities, lower
cost, and improved safety, all of which will further accelerate
interest and adoption.

It is also increasingly recognized that modeling and
simulation can play a significant role in these efforts, working
in conjunction with both theory and experiment, as it has

in other fields such as aircraft design, vehicle crash safety,
vehicle aerodynamics, and nuclear weapons. Indeed, in
some of these fields, particularly where experiments are
difficult, expensive, or prohibited, modeling and simulation
has become the foundation on which progress is built - at
times leading theory and/or experiments.

Although as a community we have not reached that level of
predictive capability in modeling and simulation of batteries,
significant progress has been made over the last few years.
In this volume we present nine examples of this progress.
Note that several of the included works focus on thermal
behavior, and that we have included one experimental
study of thermal characteristics due to its potential use in
validating the simulation capabilities. Studies presented
here range from fast-running approaches potentially useful
in battery management system design and analysis to
moderately high-fidelity 3D capabilities, and include the work
of universities, industry and research institutions.

This is a fast-moving field, and progress is on-going, with
more accurate models and more capable simulation tools
under constant development. As a result, this collection
represents a snapshot of capability and directions, and
we look forward to the next advances in modeling and
simulation capability. Some examples include tighter
nonlinear coupling of physical phenomena, increased
integration of sub-grid micro- and meso-scale simulations,
and more integrated sensitivity and uncertainty analysis. In
the meantime, we hope that this collection provides useful
and compelling evidence of the progress in modeling and
simulation of batteries.

John A. Turner
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Computer Science and Mathematics Division

Chief Computational Scientist
Consortium for Advanced Simulation of Light Water
Reactors (CASL)

Joint Faculty Professor, University of Tennessee
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ABSTRACT

Thermal behavior of a Lithium-ion (Li-ion) battery module
under a user-defined cycle corresponding to hybrid electrical
vehicle (HEV) applications is analyzed. The module is
stacked with 12 high-power 8Ah pouch Li-ion battery cells
connected in series electrically. The cells are cooled
indirectly with air through aluminum cooling plate
sandwiched between each pair of cells. The cooling plate has
extended cooling surfaces exposed in the cooling air flow
channel. Thermal behavior of the battery system under a user
specified electrical-load cycle for the target hybrid vehicle is
characterized with the equivalent continuous load profile
using a 3D finite element analysis (FEA) model for battery
cooling. Analysis results are compared with measurements.
Good agreement is observed between the simulated and
measured cell temperatures. Improvement of the cooling
system design is also studied with assistance of the battery
cooling analyses. The results of this study demonstrate that
the 3D FEA battery cooling model developed in this study
can reasonably characterize thermal behavior of the Li-ion
battery systems under the dynamic discharge-charge cycle.
The correlated FEA model can be used to evaluate and/or
optimize the cooling system designs for the battery systems
with indirect air cooling.

INTRODUCTION

The battery packs for HEV applications usually consist of
multiple identical battery modules connected in series to
achieve the required pack voltage. Within each of the battery
modules, the cells are connected in a certain series-parallel
configurations to achieve the required capacity and voltage.

Copyright © 2013 SAE International
doi:10.4271/2013-01-1520

In an ideal battery pack design, all the modules in the pack
would be thermally symmetric, i.e., have identical cooling
conditions. As such the cooling system of a battery module is
the basic cooling system for a battery pack. The maximum
cell temperatures and the maximum differential cell
temperatures for the cells in the battery pack are crucial to the
performance of the battery system. In operations under cold
ambient, the coolest cell within the pack determines the
maximum pack power. On the other hand, in operations
under elevated ambient temperatures, the hottest cell within
the pack limits the maximum allowed current for safe pack
utilizations.

The state of charge (SOC) for the HEV battery pack is
typically controlled in a SOC range from 0.35 to 0.65 (i.e.,
ASOC = 0.3) with SOC = 0.5 being a reference point for the
SOC balance. Because of its narrow usable SOC range, a
HEV battery pack experiences high discharge/charge pulse
currents in pack utilizations. These high-pulse and high-
frequency discharge/charge activities generate considerable
amount of heat within the battery cells, resulting in high cell
temperatures if the cell heat cannot be dissipated into the
cooling medium rapidly. The maximum cell temperatures and
the maximum differential cell temperatures are crucial factors
to the performance, safety and durability of a battery system.
Thus, these temperatures must be monitored and controlled
by the battery thermal management system. A good battery
thermal management system design lies on good
understanding of the thermal behavior of the cells in the
battery pack. Thermal modeling of the cells and modules can
play an important role in understanding the thermal behavior
of the battery cells under specified pack duties. This paper
discusses the use of 3D FEA model in analyzing the thermal



behavior of a battery system with indirect air cooling under a
thermal load condition simulating HEV applications.
Improvement of the battery cooling system design with
assistance of the battery thermal analysis will also be
discussed.

BATTERY SYSTEM DESCRIPTION

The battery pack under study consists of 8 identical modules
with each stacked with twelve 8Ah Li-ion pouch cells
connected in series, giving a 96S1P pack configuration.
Specifications of the cells are given in Table 1. If the pack
cooling air flow is assumed to be equally distributed among
all modules, i.e., the 8 modules are thermally symmetric, then
only a representative module needs to be studied. Figure 1
illustrates the FEA model of the battery module under study.
Each pair of cells within the module is cooled via a 2-mm
thick aluminum cooling plate sandwiched between them. The
aluminum cooling plate has extended surfaces (hereafter
refers to as cooling fins) that are in the air flow channel. Such
a cooling system may be defined as an indirect air cooling
system. The side surface of the cell that is not in contact with
the cooling plate is in contact with an elastomeric thermal
pad. The module frame is made of plastic, which is not
modeled because heat transfer through it is negligible in
comparison to that through the cooling fins. The battery cell
temperatures can be controlled by the air temperature and/or
the heat transfer coefficient (HTC) on the cooling fins by
varying the air flow in the cooling channel.

Coolingplate
Cell

26 mm

Thermal
pad

Coolingfins

Coolingplate Moduleframe (plastic)

[ = == = = = - - -

Coolingfin n air
flow channel

Cells  Thermal pad

Figure 1. Battery module with indirect air cooling.

Table 1. Battery cell specification.

Cell Specifications Lithium Manganese Oxide

Nominal capacity 8 Ah
Nominal voltage 375V
Internal resistance < 1.5mQ
Operation temperatures -25 to 60 °C
Mass 300 gram
Dimension (t X w X h) mm 6 x 128 x 240

BATTERY SYSTEM MODELING

As shown in the FEA model in Figure 1, the module has six
cooling units. Figure 2 shows a representative cooling unit in
the module. In modeling a battery cell in the cooling unit, the
multi-layer structure of the battery cell [1,2] is simplified to a

=y

single equivalent battery layer which has a positive current
collector and a negative current collector, a pair of electrodes
(anode and cathode) and a separator. This single-layer battery
cell is characterized with composite local thermal and
electrical properties equivalent to those for the multiple-
layered battery structure [3]. The composite local volumetric
heat capacity are expressed as

2pC,N
o=y

. (1)
where the subscript i indicates .the properties for the
component i. The composite local thermal conductivities for
the series and parallel connections are given respectively as

ZL
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In Egs. (2) and (3), L; and k; are the thickness and the thermal
conductivity for the component i respectively. Similarly, the
composite local electrical conductivities can also be
expressed by Egs.(2) and (3) in characterizing the electrical
field of the cell. In this study, the thermal behavior of the
cells in the battery system under a given electrical load is
characterized with energy balance on a unit cell volume as

oT

pC, 5, =V-(VT)+g

“4)
where p, C, and k are the local density, heat capacity and

thermal conductivity of the cell medium described in Egs.(1),
(2), (3), t is the time, T is the temperature and g is the rate of



local heat generation due largely to the cell ohmic heat
resulting from the cell internal resistance and the cell
discharge/charge currents [3].

(a) Thermal pad
x —e
Coolingplate
—— e Cell
Thermal pad
Current tabs
() Thermal pad
Equivalent

electrodes

Coolingplate 7

Figure 2. Basic cooling unit of the battery module: (a)
exploded view; (b) assembled view with a single cell.

THERMAL ANALYSIS OF BATTERY
SYSTEM

Battery Thermal Load Characterization

Figure 3 shows the simulated transient currents for the battery
pack under a user specified cycle for a target hybrid vehicle.
Because of the 96S1P pack configuration, the cell current is
equal to the pack current. As shown in Figure 1, the
components in the system lead to a large thermal inertia that
mitigates the rises in the cell temperatures in the system. Like
other electrical systems, a battery system can also tolerate
electrical overloading in a short duration. In this study, the

battery thermal load is evaluated on an %t basis as
I,= /(jizdr)/r
(&)

where I, is a root-mean-square (rms) average current over a

window time t (i.e., the /°r current) and i is the transient
current. Because 7 is a moving window, /, = I (7) is a transient
current in a thermal load sense, with the thermal history up to
7 being considered [4]. The influence of the battery thermal
history on the battery temperature depends on the levels of
the disturbance to the battery internal energy by the heat
generated by the dynamic current pulses. The shorter the
window time, the smaller the effect of the thermal history on
the battery temperature and the greater the dynamic behavior
of the battery thermal loading will be. In this study, 7 is taken
to be 120 seconds considering the battery load level and the
relatively high thermal mass in an indirect cooling system.

An equivalent continuous cycle current /¢ can be defined as
the average of the /°7 current over the cycle time 7 as

I.=([I.xd)/7,
¢

(6)

The 7 current and the equivalent continuous cycle current or
the averaged cycle current are also presented in Figure 3. The
Pt current and the averaged cycle current are always positive,
and their values are much lower than those of the transient
current. The maximum values for the transient current i, the

Pr current I, and the cycle average current Io are,
respectively, i, = 200 A (equivalent to 25C rate), I,,uq =
88 A (equivalent to 11C rate) and /- =48 A (equivalent to 6C

rate). Since the cell heat generation is proportional to 72, the
Pt current characterizes the transient battery thermal load and
the averaged cycle current characterizes the equivalent
continuous battery thermal load.

Equivalent Continuous Load of the
Battery System

There are two ways to characterize the thermal behavior of a
battery system under the load condition specified in Figure 3:

under the transient load characterized with the °z current and
under the equivalent continuous cycle current /- [4]. As
aforementioned, the equivalent continuous cycle load is 48 A
or 6C rate. Because a battery cell is a finite energy system,
the thermal equilibrium condition for the system cannot be
reached under a single discharge process at 6C rate, for which
a full discharge process lasts only 10 min. It is not practical to
evaluate the thermal performance of a HEV battery system
under a continuous current or power without controlling the
SOC of the battery cells. Thus, a load profile with discharge
and charge (i.e., regeneration) activities needs to be generated
in order to constrain the SOC of the battery system in the
range of the expected battery usage. Figure 4 shows a load
profile considered in this study. In Figure 4(a), the current is
given in values relative to the equivalent continuous current
characterized with the 120-second window time, with the
negative current for discharging and positive current for
charging. The charge duration is about 90% of the discharge.
The rest times are given as 5 seconds after discharging and 10
seconds after charging. Because the equivalent continuous
current is on the /° current basis, the same current is applied
to both discharge and charge. The dynamic discharge-charge
cycle of Figure 4(a) is repeated continuously resulting in cell
load profile as shown in Figure 4(b). The corresponding SOC
variations are also presented as a reference. The duration of
the test is determined by the time required to reach thermal
equilibrium.
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Figure 3. Transient pack load in a user cycle, Pt current and cycle averaged current for cell thermal evaluation.
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Figure 4. (a) Asymmetric relative current load profile for
cell thermal evaluation; (b) Equivalent continuous
current load using asymmetric load profile in (a) and the
corresponding SOC variation.

Comparison of Simulation with

Measurement

Figure 5 compares the simulated and measured cell and air
temperatures under the load profile specified in Figure 4. A
higher initial SOC value as shown in Figure 4(b) was used in
the test because the run-time duration to reach thermal
equilibrium was not known in advarice. Based on the test
conditions, the following initial and boundary conditions
were used for the FEA model: the initial module temperature
= 28.0 °C, the averaged air temperature = 26.5 °C, and the
averaged HTC = 80 W/m2.K which correspond to module air
flow = 35 ft3/min (CFM). It was assumed in the simulation
that the cell heat is dissipated to the cooling air only through
the cooling fins. Adiabatic conditions were assumed for the
rest of the thermal boundaries of the module. Electro-thermal
analysis of the battery module was performed using the FEA
code Abaqus [5] with special user subroutines developed by
AVL to characterize the cell. In Figure 5, the cell
temperatures represent that of the cell in the middle of the
module, which was least influenced by the variations in the
ambient conditions. The red-dot indicates the location of the
thermal couple on the cell in the test. As is observed in Figure
5, the simulations agree well with the measurements. Under
the given cell load and cooling conditions, the battery module
approaches thermal equilibrium after about 3600 seconds
from the start of the test.

The simulated module temperature distribution at 3600
second is presented in Figure 6. It is seen that all the cells in
the module have similar temperature distributions and the
maximum cell temperatures are around 36 °C, located next to
the adiabatic edge of the cooling plate, i.e., opposite side of
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Figure 6. Module temperature distributions at thermal equilibrium (top); cell and cooling fin transient temperatures (bottom).

the cooling fin. The maximum cell-to-air differential
temperature is about 11 °C. The low temperature gradients on
the cooling fins suggest low fin efficiency, i.e., the cooling
fin lengths in the air cooling channel are overdesigned [6].
Overdesign in the air cooling channel results in a lower
volumetric energy density of the battery system. The
temperature distributions for the cell and the corresponding

cooling plate for the cooling unit in the middle of the module
at 1200, 2400 and 3600 second from the start of the analysis
are also presented in Figure 6. Since the two cells in the
cooling unit are thermally symmetric, only the results for one
cell in the cooling unit are presented. It is obvious that the
cell temperature distribution is governed by the aluminum
cooling plate due to its high thermal conductivity. The



— Cell Relative Current Profile

0 10 20 30 40

50

60

70 80 9 100 110 120

Time [Sec]

Figure 7. Symmetric discharge-charge analysis load profile.

temperature differences between the cell and the
corresponding area of the cooling plate that is in contact with
the cell are very small. This indicates that the cell
temperature distribution is governed by the heat transfer
characteristic of the cooling plate. This may be a
characteristic of the indirect cell cooling: the cooling plate
not only dissipates the cell heat to the cooling medium but it
also functions as heat spreader which redistributes the high
local cell heat fluxes.

IMPROVEMENT IN COOLING
SYSTEM DESIGN

Load Profile with Balanced SOC

The cooling system described in Figure 1 leads to a lower
volumetric energy density for the battery system due to
overdesign in the air cooling channel. In this section, design
improvement will be studied. Considering that a HEV pack
generally is operated under a charge sustaining mode, for
simplicity in analysis, the load profile is modified slightly.
The modified load profile is shown in Figure 7, where the
discharge and charge durations are 55 seconds each with a 5-
second rest time after discharging and charging. Under this
symmetric load profile, the charge sustaining is realized in
each of the load profile. The corresponding equivalent
continuous load profile is similar to that in Figure 4(b) except
that the state of charge is balanced around SOC = 0.5 (the
initial SOC value). In the analyses of the cooling system
design study, the equivalent continuous discharge/charge
currents are 48 A (6C rate).

Compact Air Cooling Channel Design

In an attempt to improve the energy density of the battery
system, three alternatives are proposed as shown Figure 8.
Design 1 is essentially the same as the baseline design except
that the aluminum cooling plate thickness is changed from 2-
mm to l-mm. For Design 2, in addition to the 1-mm
aluminum plate thickness reduction, the length of the cooling
fins is reduced from 26 mm to 10 mm. Design 3 is the same
as Design 2 but with air cooling channel structure similar to

that of a compact heat exchanger - aluminum fin inserts (5
fins over 10 mm) are applied between the two cooling fins.

Figure 9 shows the simulated transient temperatures of the
cell in the middle of the module for each of the four designs.
The simulations were conducted at the initial module
temperature = 25.0 °C, the averaged cooling air temperature

= 25.0 °C, and HTC = 40, 50, 60 and 80 W/m2K for the
alternative designs. For the baseline design, HTC = 60 W/

m2.K was used. As is seen in Figure 9, Design 2 (1-mm
aluminum cooling plate and 10-mm wide cooling fins) does
not reach thermal equilibrium at 3600 second for all three
cooling conditions, and the cell temperatures are significantly
higher than those of the baseline design. This alternative
design is therefore unacceptable. For Design 1 (1-mm
aluminum cooling plate and 26-mm wide cooling fins), only
the case with HTC = 80 W/m2K is close to the performance
of the baseline design. Overall, performances of Design 1 are
not as good as those of the baseline design. Design 3 (1-mm
aluminum cooling plate and 10-mm wide cooling fins with
fin inserts) shows better performances than the baseline
design for all cooling conditions. Hence this alternative
design is acceptable from the standpoint of the thermal
management of the module. The larger thermal mass for the
baseline design (2-mm aluminum cooling plate) results in
slower initial temperature rise in comparison to Design 1 and
Design 3, both of which have a 1-mm thick aluminum
cooling plate.

Figure 10 shows the designs (Design 1 with HTC = 80 W/
m?K and Design 3 with HTC = 40 W/m2K) that have
similar thermal performances as that of the baseline. It shows
the stabilized cell temperatures plotted to the same scale at
3600 seconds from the start of the analysis. The temperatures
and temperature gradients at the cooling fins for Design 3
indicate that it has higher fins efficiency.

Figure 11 shows the stabilized temperatures along the width
of the cooling plate in the middle of the module. For the
section of the cooling plate that is in contact with the cells, it
also represents the temperature of the cells as the temperature
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Figure 8. Baseline and alternative air cooling channel designs.
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Figure 9. Transient cell temperatures for various module designs with different air flow rate under symmetric continuous
discharge-charge load cycles.

differences between the cells and the corresponding area on
the cooling plate in contact with the cells are negligible for all
the cases analyzed. As before, the three designs presented
have approximately the same stabilized cell temperatures.
The baseline design with 2-mm thick aluminum cooling plate
has lower thermal resistance compare to Design 1 and Design
3, which have a 1-mm thick aluminum cooling plate. This
effect is clearly seen in the insulated section of the cooling

plate. For the baseline design, the temperature drop along the
cooling plate in the insulated section is 1.5 °C while the
temperature drop of 3.0 °C is observed for Design 1 and
Design 3. For Design 1, the change in cooling plate thickness
reduces the module overall height by 6 mm as compare to the
baseline. However, to achieve the same thermal performance
as the baseline, higher HTC is needed at the cooling fins.
Higher HTC means a higher air flow and thus a higher
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Figure 10. Stabilized cell temperatures for three module designs with approximately similar steady state temperature.
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Figure 11. Steady state temperatures along the width of the cooling plate.

operation cost. Design 3 shows advantages in the thermal
performance, energy density and operation cost. However, it
has a higher initial cost due to the use of fin inserts in the air
channels. Fin inserts are commonly use in compact heat
exchangers thus their manufacturing cost may not be
significantly higher than the straight fins.

SUMMARY

Thermal behavior of an 8Ah Li-ion battery system for HEV
applications was investigated using FEA model for battery
cooling. Thermal load for the battery system was due to the

battery load specified in a user defined cycle for the target
hybrid vehicle. The transient load for the cell thermal
evaluation was generated by the /27 current with a 120-second
window based on the transient currents in the cycle. The
equivalent continuous cycle load was taken as the average of
the Fr current over the cycle time. The cell temperatures
were evaluated under the equivalent continuous cycle load
until the battery module reaches thermal equilibrium.
Analysis results correlated well with the available test data.
Based on the correlated model, analyses were performed to
evaluate alternative cooling system designs to improve the
cooling performance and volumetric energy density of the



