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a b s t r a c t

In this paper, a three-dimensional thermal model of a prismatic battery with multi-layer structure was
established and validated by the measured surface temperature of the battery. The proposed model
was used to analyze and optimize thermal performance of the battery in three cases that its surface
was integrated with one of three shape-stabilized phase change material (PCM) configurations. The
results showed that the internal anisotropic characteristics of the prismatic battery have significant effect
on the heat transfer and thermal performance of the configurations. The configuration that PCM wrapped
around the battery had the best performing temperature rising and distribution due to the large thermal
storage capacity of PCM and highest contact area between the PCM and the battery. Furthermore, there
were critical values of PCM thickness and convective heat transfer coefficient (e.g., 2.08 mm and 10 W
m�2 K�1 for PCM around the cell) at which the process of phase change was almost completed, and
the temperature distribution was significantly different across these values. The temperature gradient
across the cell decreased as the thickness increased. However, the effect of increasing convective heat
transfer coefficient on the decrease of temperature gradient was limited due to the relatively low internal
heat conduction ability of the battery.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

With the continuous increasing pressure of environmental pro-
tection and energy shortage, the electric vehicles (EVs) using green
energy power sources have attracted worldwide attention. How-
ever, the power source, i.e., rechargeable battery pack is sensitive
to temperature which significantly impacts the vehicle perfor-
mance, reliability and lifespan [1–3]. Hence, an effective battery
thermal management (BTM) strategy is crucial for batteries need-
ing to operate in an appropriate temperature range. In general, the
BTM techniques can be summarized as several types based on the
employment of heat transfer medium, such as air [4], liquid [5] and
phase change material (PCM) [6] and the combination of the medi-
ums [7]. In this way, passive thermal management strategy, such
as using solid-liquid PCM as the heat transfer medium, has been
demonstrated as a viable solution for BTM [8].

As an innovative solution, PCM can absorb/release abundant
latent heat during the melting/solidifying process and maintain a
relatively constant temperature for the PCM based system
[9–11]. The PCM based system has many advantages, such as

passively buffering against high operating temperature, extending
life cycle and eliminating thermal runway [12–15]. In recent years,
improvements for PCM based system have been widely studied.
The focus of such studies has concentrated on the optimization
of the thermal conductivity enhancement of PCM, the figuration
and stability of composite PCM, and the temperature decrease
and uniformity of batteries at module/pack level [7,16–20].

In general, a battery pack consists of hundreds or thousands of
cells for EVs to fulfill the requirement of voltage and power. For the
usage on cell level, PCM based strategy has been investigated
experimentally and numerically for single cells in two shapes
(i.e., cylindrical and prismatic shape) [21]. Duan and Naterer [22]
experimentally studied the effects of PCM on a cylindrical cell.
Two PCM configurations were investigated, one with a PCM cylin-
der surrounding the cell and the other with a PCM jacket wrapping
the cell. It was shown that both configurations were effective in
maintaining the cell temperature in a desired range. Rao et al.
[23] proposed a three-dimensional model for individual cylindrical
battery cell to investigate the effects of internal conduction and
external natural convection on the temperature response and dis-
tribution. Following this study, a lattice Boltzmann model for the
PCM was performed by Huo and Rao [24] to investigate the effects
of thermal conductivity, latent heat and environment temperature
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on the thermal performance of the cylindrical battery. More infor-
mation about the cylindrical cells with composite PCM and their
properties and thermal performance can be found elsewhere
[25–27]. Nevertheless, cylindrical cells designs are normally lim-
ited to below 4 A h while prismatic designs can be used for higher
capacity [28]. In addition, from thermal management point of view,
the prismatic type seems to be more suitable for EVs due to its rel-
atively large surface area for dissipating heat [29]. A prismatic
lithium-ion cell integrated with different thicknesses of PCM was
proposed and numerically studied by Javani et al. [30]. This config-
uration was selected to develop a sub-module using the prismatic
cells. Their results showed that the position of maximum temper-
ature can be influenced by increasing the PCM thickness around
the cell. Also, as indicated by Ramandi et al. [31], different PCM
configurations have significant effect on the thermal performance
and the exergy efficiency. By now, however, little attention has
been devoted to the prismatic cell with different PCM configura-
tions and their corresponding thermal performances.

As the thermal conductivities inside the prismatic cell is ortho-
tropic, the temperature gradient in the cell is inevitable [32]. To
achieve a comprehensive analysis, it is essential to establish a
three-dimensional thermal model that considers the thermal prop-
erties and geometrical parameters of different components at cell
level. In this study, a three-dimensional prismatic battery thermal
model without the consideration of electrochemical side is devel-
oped and compared with the experimental data for validation. In
the following sections, evolution of the temperature field and heat
transfer characteristics in the battery is discussed for different
shape-stabilized PCM configurations. Further, the effects of thick-
ness and surface heat transfer coefficient on temperature rise
and distribution of the battery during discharge process are also
investigated in detail. These results aim to provide guidelines for
thermal design and thermal management design of PCM based
BTM systems.

2. Problem formulation

In general, a battery is usually formed by stacking the electrode
plates together. As the geometry and the thermo-physical proper-

ties of different components within the cell are significantly differ-
ent, those components can be modeled as a bulk material with an
anisotropic thermal conductivity for studying the thermal perfor-
mance [33]. A prismatic cell with multi-layer structure is studied
in this work. Each layer of the cell consists of two current collectors
(copper for anode and aluminum for cathode), a separator and two
electrodes (anode and cathode), as shown in Fig. 1. Since the heat
transfer and thermal performance are the main concerns here,
some simplified strategies are adopted in cell modeling, such as
treating the layered structure as the homogenous materials and
dividing the cell into three parts, the core, the positive and negative
terminals [34].

PCM/expanded graphite (EG) composite can be compressed into
a mold to form a plate-shape structure by hot-compaction [35].
Such structure has obvious advantages of improved thermal con-
ductivity and shape-stability without leakage during the solid-
liquid phase change, which are favorable for practical applications
in BTM system. For the external flat surface and internal multi-
layer structure of prismatic cell, three different shape-stabilized
PCM plate (PCMP) configurations, as shown in Fig. 2, are consid-
ered to investigate the corresponding thermal performances. In
case 1, PCMP is located at the broad side surface (XY plane) of
the battery cell; in case 2, PCMP is located at the narrow side sur-
face (ZY plane) of the battery cell; in case 3, PCMP is wrapped
around the cell. The volume of PCMPs in the three configurations
are the same but the thickness of PCMPs are different (a, b and
c). As it is symmetric in the Z direction, a half plate as shown in
Fig. 2 is considered to reduce computation load.

Nomenclature

Bi Biot number
C capacity (J kg�1 K�1)
H enthalpy (J K�1)
h sensible heat (J K�1)
I current (A)
k thermal conductivity (Wm�1 K�1)
L thickness (m)
m mass (kg)
Q heat (kW)
q volumetric heat generation rate (kWm�3)
R resistance(X)
T temperature (K)
t time (s)
U open circuit potential (V)
V cell potential (V)

Greek Symbols
q density (kg m�3)
b liquid fraction
c specific phase change enthalpy
D change in variable

Subscripts
b battery
dis dissipation
d discharge
gen generation
max maximum
n negative
P positive
0, amb ambient

Acronyms
BTM battery thermal management
EG expanded graphite
EVs electric vehicles
HPPC hybrid pulse power characterization
PCM phase change material
PCMP phase change material plate
SOC state of charge

Negative
electrode

Positive 
electrode

Negative current collector

Positive current collectorSeparator

Fig. 1. Multi-layer structure within battery cell.
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