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In real electric vehicles, the arrangement of liquid-cooled plates not only influences the thermal performance of the battery pack
but also relates to the energy consumption of the BTMS and the compactness of the whole battery pack. In this study, design A,
design B, design C, and design D, a total of four different arrangement designs of battery thermal management based on liquid-
cooled plates with microchannels, are proposed for a 35V battery pack composed of 12 LiFePO4 pouch battery cells connected in
series, and the corresponding three-dimensional electrical-thermal-fluid model is established for numerical study. The cooling
effects of the four designs are discussed and compared in terms of discharge rate, contact thermal resistance, and external short
circuit. For design D, cold plates are placed in front of each battery cell. The results show that design D achieves the best
cooling effect with the lowest power consumption compared to the other three designs under 0.5C, 1.0C, and 2.0C discharge
rate. Its maximum temperature is about 30°C, and maximum temperature difference is under 5°C. The reduction in contact
thermal resistance has different effects and magnitudes for different designs with different cold plate arrangements, but the
overall effect is small. In the extreme condition of external short circuit, for design D, increasing the mass flow rate can reduce
the maximum temperature of design D from 76.6°C by 27.5% to 55.5°C and the temperature difference from 35.0°C by 23.4%
to 26.8°C. Selecting the proper coolant flow rate can keep the maximum temperature and temperature gradient on the battery
pack of design D within tolerable level, and increasing the flow rate helps to enhance the cooling effect. For the other three
designs, the maximum temperatures and temperature gradients exceeded 90°C and 40°C under the external short circuit
condition, and increasing the flow rate has very little effect on the performance enhancement.

1. Introduction

Stimulated by the relevant policies of many countries, elec-
tric vehicles powered by lithium-ion batteries have entered
a phase of rapid development around the world [1]. Com-
pared with traditional Ni-MH and Ni-Cr batteries, lithium-
ion batteries have significant advantages in terms of energy
density [2, 3], specific energy [4, 5] cycle life [6], and so
on. In addition, it has a fairly low self-discharge rate [7].
Currently, as a power unit, lithium-ion batteries are widely
used in electric vehicles.

However, lithium-ion batteries are more sensitive to
operating temperature and storage temperature, and it has
a narrow optimal operating temperature range of 15 to
35°C [8]. In general, an operating temperature between -20
and 60°C is acceptable for lithium-ion batteries [9]. Too high
or too low operating temperatures can have negative effects
on the performance of lithium-ion batteries. On the one
hand, under low-temperature condition, the viscosity of
the electrolyte will increase, which will reduce the migration
rate of chemical ions in the Li-ion battery and lead to an
increase in the internal resistance of the battery. On the
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other hand, the increase in charge-transfer resistance at low-
temperatures will greatly affect the kinetics in batteries.
These two factors can lead to the degradation of Li-ion bat-
tery performance at low-temperature condition [10]. Aris
and Shabani [11] conducted charge/discharge experiments
on lithium-ion batteries at low-temperatures, and the results
showed that the maximum battery SOC (state of charge)
decreased by 7%, 12%, and 23% of the maximum initial
SOC at -5°C, -10°C, and -15°C, respectively. Zhang et al.
[12] investigated the degradation of lithium-ion batteries
cycling under low-temperature condition study. They found
that the battery DC resistance increased, and the battery
capacity decreased significantly after cycling at low-
temperature of -10°C. Under high-temperature condition,
lithium-ion batteries are subject to aging faster, with reduced
performance and lifetime. Rodrigues et al. [13] showed that
at high-temperatures, the SEI (solid-electrolyte interface) in
lithium-ion batteries is affected by intensified side reactions,
and this process is coupled with gas evolution and changes
of SEI composition that consume active lithium ions, leading
to irreversible decay of battery capacity. Gabrisch et al. [14]
investigated the capacity changes of the lithium-ion batteries
with LiCoO2 and LiMn2O4 as cathode materials after aging
at 75°C for 10 and 6 days, respectively, and the results
showed a significant decrease in battery capacity for both
cathode materials. They concluded by X-ray diffractometry
that the high-temperature led to the crystallographic trans-
formation and the irreversible insertion of lithium ions into
the cathode lattices, which resulted in the loss of cathode
capacity. Bandhauer et al. [15] concluded based on numer-
ous studies that when the operating temperature of
lithium-ion batteries is higher than 50°C, a decrease in bat-
tery capacity occurs in all cases. In addition, under high-
temperature conditions, the rate of exothermic reactions in
lithium-ion batteries will be accelerated, which will release
more heat and cause a further increase in battery tempera-
ture, which may eventually lead to uncontrolled exothermic
reactions and thermal runaway [16]. Some studies have
shown that when the temperature of lithium-ion batteries
exceeds 80°C, it may trigger thermal runaway and lead to
battery combustion, explosion [17], and even the production
of toxic gases [18]. In addition to high and low-tempera-
tures, temperature uniformity is also an important factor
that affects battery performance. In a battery pack, the tem-
perature distribution in the battery pack is not uniform dur-
ing charging and discharging due to the inconsistency of
heat production within each cell, the different locations of
the battery pack, and the differences of external conditions.
This can lead to an electrical imbalance in the battery mod-
ule and cause a degradation in the overall performance of
the battery pack. To ensure the performance of the battery
pack, its maximum temperature difference should be kept
within 5°C [19, 20].

Electric vehicles usually require a battery thermal man-
agement system (BTMS) to maintain the operating temper-
ature of the lithium-ion battery pack within a suitable range.
Currently, commonly used BTMS are mainly based on air-
cooled, liquid-cooled, and phase-change materials. Liquid-
cooled BTMS has a higher heat transfer coefficient, and its

cooling efficiency is higher. However, liquid-cooled systems
are also usually more complex and can have leakage prob-
lems. In addition, liquid-cooled systems also tend to be
accompanied by higher power consumption. The PCM-
based approach is a new type of battery thermal manage-
ment solution. It can effectively control the battery pack
temperature in the optimal operating temperature range
and ensure excellent temperature uniformity. However, it
also has the problems of poor structural strength, leakage
of melting material, and low thermal conductivity [21].
The liquid cooling method is the most widely used BTMS
method nowadays. Depending on whether the battery pack
is in direct contact with the coolant or not, the liquid cooling
systems can be divided into two modes: direct contact and
indirect contact. Compared with indirect contact BTMS,
the cooling performance of direct contact BTMS is slightly
better, but indirect contact BTMS is more suitable for prac-
tical applications [22]. The cold plate is the most common
form of indirect liquid cooling, and the structure and
arrangement of the liquid cooling plate are important factors
affecting the performance of indirect liquid cooling BTMS
[23]. Many related studies have been conducted to improve
the cooling performance of the whole system by optimizing
the flow channel and structural design of the liquid-cooled
plate [24].

Qian et al. [25] proposed an indirect liquid cooling
method based on minichannel liquid cooling plate for a
prismatic lithium-ion battery pack and explored the effects
of the number of channels, inlet mass flow rate, flow
direction, and channel width on the thermal performance
of this lithium-ion battery pack using numerical simula-
tion method. Their results showed that the minichannel
cold plate thermal management system could control the
temperature of the battery pack well under 5C discharge
conditions. By further improvement, the maximum tem-
perature and maximum temperature difference of the bat-
tery pack were reduced by 13.3% and 43.3%, respectively.
Zhao et al. [26] simulated and investigated the thermal
behavior of a battery module consisting of 71 18650
lithium-ion battery cells under indirect liquid cooling
based on channels. Wang et al. [23] investigated the effect
of different cooling structures, a number of microchannel,
and inlet mass flow rate on the cooling performance of the
system using the maximum temperature and maximum
temperature difference as criteria and derived the optimal
combination of these factors through orthogonal analysis
and comprehensive analysis. The optimization strategies
they proposed are very instructive for the design of indi-
rect liquid cooling systems.

In addition to temperature control, BTMS also has the
role on preventing the propagation of thermal runaway in
the battery pack. Zhang et al. [27] proposed a hybrid BTMS
based on PCM and liquid cooling. In the case of thermal
runaway, the PCM material acts as a thermal buffer, its
latent heat of phase change can accommodate the huge heat
generated by the lithium-ion battery in a short period during
thermal runaway, and then the liquid cooling system dissi-
pates the heat to the outer environment. In this way, the
propagation of thermal runaway is prevented. Many factors
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trigger thermal runaway, and both internal and external
short circuits can trigger it [28]. Li et al. [29] investigated
the thermal performance of a 50V prismatic lithium-ion
battery pack with a minichannel cold plate cooling system
through simulation. They found that when the coolant flow
rate was large enough, the maximum temperature and tem-
perature uniformity of the pack could be controlled at an
acceptable level even under 5C rapid discharge and external
short circuit condition.

Due to the high sensitivity of lithium-ion batteries to
temperature, it is important to analyze the thermal behavior
inside the single battery and the battery pack when con-
ducting studies related to BTMS. There are two main
research tools available, experimental and numerical simula-
tion. The numerical simulation method can match well with
reality by modifying the corresponding parameters in the
numerical models, and it can describe the thermal behavior
inside the battery or the pack, which is impossible for exper-
iment. Therefore, despite the slight bias, numerical simula-
tion is still widely used in the study of BTMS [30]. The
first step in conducting a numerical simulation study is to
build a battery thermal model to simulate the thermal
behavior of the battery. In the existing studies, battery ther-
mal models are mainly divided into two categories. One type
adds a volume thermal source term to the battery domain
directly based on the principle of battery heat production
as well as experimental data to simulate only the battery
thermal behavior [31, 32]. The other type is to use a coupled
battery model and thermal model to establish a correspond-
ing electrochemical-thermal model, which can simulate both
the electrical and thermal behavior of the battery. The main
battery models used to simulate the electrical behavior are
electrochemical models based on the physics of lithium-ion
batteries and equivalent circuit model (ECM). The electro-
chemical model can accurately describe the migration
behavior of lithium ions during the charging and dischar-
ging process of lithium-ion batteries. Based on porous elec-
trode theory and concentrated solution theory, Newman’s
team developed the widely used pseudo-two-dimensional
(P2D) model [33, 34]. Unlike the complex electrochemical
model based on physics, the ECM model simulates the elec-
trical behavior of a battery through an equivalent circuit
composed of several simple electronic components, includ-
ing voltage sources, resistors, and capacitors. Compared to
the electrochemical model, the ECM model requires much
fewer parameters [35]. Several ECM models have been pro-
posed and applied in research [36]. Thevenin model is one
of them that has been widely used. It is based on Thevenin’s
theorem and consists of a voltage source, a series resistor
that simulates the internal resistance of the battery, and sev-
eral resistor-capacitor pairs that are used to describe the
dynamic response of the battery [37]. The higher the num-
ber of resistor-capacitor pairs, the higher the accuracy of
the model. However, at the same time, it increases the
model’s complexity. To save computational costs, some
BTMS studies based on the battery module scale use ECM
models [38, 39].

Most existing studies on microchannel cold plates have
focused on optimizing the structure, number, flow direction,

and flow rate of the flow channels. There has been little dis-
cussion on the arrangement of the cold plate. In real electric
vehicles, the arrangement of liquid-cooled plates not only
influences the thermal performance of the battery pack but
also relates to the energy consumption of the BTMS and
the compactness of the whole battery pack. In this work,
four designs with different arrangements of microchannel
cold plates are proposed for a battery pack consisting of 12
pouch LiFePO4 batteries. A multiscale electrical-thermal-
fluid model is established. The three-dimensional thermal
simulations are conducted based on the numerical model,
and the advantages and disadvantages of the four designs
are quantitatively compared by data. The cooling effects of
the four designs are discussed and compared in terms of dis-
charge rate, contact thermal resistance, and external short
circuit. First, the temperature rising and temperature gradi-
ent of the four designs are investigated under different dis-
charge rate conditions. Second, the influence of the contact
thermal resistance between adjacent cells in the battery pack
on the cooling effect of the four designs is investigated.
Finally, the thermal performance of the four designs is com-
pared under external short circuit condition. This study will
provide a reference for the selection and design of BTMS for
electric vehicles.

2. Modeling Method

2.1. Geometry Models of the Battery Pack and Cold Plates.
The battery studied in this work is LiFeO4/graphite pouch
battery with a nominal voltage of 3.1V and a nominal capac-
ity of 20Ah. Each battery cell is divided into three domains,
the battery cell domain, the positive tab domain, and the
negative tab domain. The geometry of the battery cell is
205:5mm × 156mm × 7:1mm. The tab domains are 45
mm × 43:5mm × 3:1mm. The distance between the two tabs
is 34mm. The battery pack in this work is composed of 12
lithium-ion batteries connected in series by busbars whose
nominal voltage is 35V. To simulate the contact thermal
resistance between adjacent cells or between the cell and
the cold plate, solid contact layers with a thickness of
0.6mm are added between every two cells or between the
battery and the cold plate.

Four different arrangements of microchannel cold plate
are proposed in the present work, as shown in Figure 1
(where the cyan parts represent the battery cell; the orange
parts are the negative tabs; the yellow parts are the positive
tabs; the gray parts on the tabs are the busbars; the black
parts between the cells or between the cells and the cold
plates are the contact layers; the translucent black parts are
the cold plates, and the blue parts are the channels. The
coordinate directions are established in the figure to conve-
nience the analysis and discussion). Design A, design B,
and design C arrange the cold plates on the front, side, and
bottom of the battery pack, respectively. Each cold plate con-
tains three minichannels. For design D, a cold plate is placed
in front of each battery cell, and each cold plate contains
three n-shaped microflow channels, with all microchannel
inlet liquid coming from one main inlet and all outlet liquids
converging to one main outlet. In design A, design B, and
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design C, there are three uniformly distributed microchan-
nels in the cold plate with rectangular cross-sections for a
better cooling effect. For design D, each cold plate contains
three N-shaped microchannels whose cross-section shape
is rectangular. The main inlet and outlet are also rectangular.
The detailed geometries of these cold plates are shown in
Figure 2, where the fluid zone is shown in blue and the solid
zone is in gray.

To carry out numerical simulation, it is necessary to
obtain the materials used in each calculation domain. In this

study, water with high specific heat and low viscosity is
selected as the coolant. Aluminum with low density and
good thermal conductivity is chosen as the material for the
cold plate. The positive tab material of the battery is alumi-
num, and the negative tab material is copper. In the pouch
battery, the battery cell is made of several layers of cathode,
separator, and anode, and the electrolyte is filled between the
cathode and anode layers, as shown in Figure 3(a). Due to
the layered structure of the battery cell, its thermal conduc-
tivity varies greatly in different directions. In this work,
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Figure 1: The geometric model of the four battery packs. (Design A: cold plate is placed on the front of the pack. Design B: cold plate is
placed on the side of the pack. Design C: cold plate is placed under the pack. Design D: a cold plate is placed in front of each cell).
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anisotropic thermal conductivity is used for the battery cell
domain. According to the calculation method of thermal
conductivity of the battery cell proposed by Taheri and Bah-
rami [40], the thermal conductivity of the battery cell in each
direction is obtained as follows:

λz = 0:97W/ mKð Þ, λx = λy = 26:57W/ mKð Þ, ð1Þ

where the subscripts x, y, and z refer to the directions shown
in Figure 3(b).

Between two solid surfaces in contact, the actual contact
occurs only on some discrete area elements, and the uncon-
tacted place between surfaces is usually filled with air. Under
low contact pressure, the heat transfer in the gas gap is much
stronger than that in the solid spot [41]. A study conducted
by Lang [42] pointed out that the convective heat transfer in
the gas gap is negligible when the gas gap width is less than
6mm. In this study, the physical property parameters of air
are assigned to the solid contact layer to simulate the contact
thermal resistance in real situations, and the strength of the
contact thermal resistance is simulated by setting different
thermal conductivity coefficients. In practice, the heat trans-
fer performance is enhanced by filling with thermal conduc-
tive adhesive. The physical parameters of the materials
involved in the simulations are summarized in Table 1. In
this study, the maximum temperatures of water and other
solid materials are under 40°C and 100°C, respectively. Their

minimum temperatures are above 25°C. In these tempera-
ture ranges, the properties of the materials used in this sim-
ulation work can be assumed as constant.

2.2. Numerical Model. The numerical simulation study of a
pouch battery pack system under liquid cold plate cooling
involves multiple domains and requires a multiscale coupled
electrical-thermal-fluid model.

The Reynolds number (Re) of the coolant in the micro-
channels needs to be determined to determine the flow pat-
tern of the fluid. It is calculated as follows:

Re =
ρwuwdH

μw
, ð2Þ

where ρw indicates the density of water, kg/m3; uw indicates
the velocity of water, m/s; dH indicates the equivalent diam-
eter of the channel, calculated according to the formula (3),
m; μw indicates the dynamic viscosity of water, kg/(m∙s).

dH =
4A
S
, ð3Þ

where A is the cross-section area of the channel, m2; S is the
perimeter of the channel cross-section, m.

The maximum Re number involved in this study is 3000,
which is in the transition zone, close to 2300; thus, it can be
assumed that all flows in the calculation are laminar. In the
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Figure 3: (a) Multilayer structure inside the pouch battery. (b) Geometric model of single battery.

Table 1: Thermal properties used in simulation.

Material ρ (kg m-3) cp (J kg
-1 K-1) k (W m-1 K-1) μ (kg m-1 s-1)

Battery 2115.45 1450 — —

Aluminum 2719 871 202.4 —

Cooper 8978 381 387.6 —

Contact layer 1.225 1006.43 — —

Water 998.2 4182 0.6 0.001003
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simulation, water is assumed to be an incompressible fluid
and its physical parameters do not vary with temperature.
Its continuity equation is expressed as

∂vx
∂x

+
∂vy
∂y

+
∂vz
∂z

= 0, ð4Þ

where v!w denotes the velocity vector of the water. Its

momentum equation is shown as [43]

∂
∂t

ρw v
!

w

� �
+∇ ⋅ ρw v

!
w v
!

w

� �
= −∇p + μw∇

2 v!w, ð5Þ

where p denotes the static pressure of water, Pa. Its energy
equation is shown in equation (6) [44]:

∂
∂t

ρwCp,wTw

� �
+∇ ⋅ ρwCp,wTw v

!
w

� �
= ∇ ⋅ kw∇Twð Þ, ð6Þ
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where Cp,w is the specific heat capacity of water under con-
stant pressure, J/(kg∙K); kw is the effective thermal conduc-
tivity, W/(m∙K).

For the cold plate and the contact thermal resistance
layer, the heat transfer process is controlled by the heat
transfer differential equation:

ρCp
∂T
∂t

= ∇ ⋅ k∇Tð Þ, ð7Þ

where ρ, Cp, and k denote the density of the corresponding
material, kg/m3, the constant pressure specific heat capacity,
J/(kg∙K), and the thermal conductivity, W/(m∙K),
respectively.

For the cell domain, the heat transfer process is con-
trolled by [45]

ρbCp,b
∂T
∂t

=
∂
∂x

λx
∂T
∂x

� �
+

∂
∂y

λy
∂T
∂y

� �
+

∂
∂z

λz
∂T
∂z

� �
+ _Q,

ð8Þ

where ρb denotes the density of the cell domain, kg/m3; Cp,b
denotes the constant pressure specific heat capacity of the
cell, J/(kg∙K); λx, λy, and λz denote the thermal conductivity
of the cell domain in the x, y, and z directions, respectively,
W/(m∙K); _Q denotes the heat generated by the cell during
discharge, which mainly includes the heat of polarization,
the heat of reaction, Joule heat, and ohmic heat [30]. It is
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presented as the heat source of the control volume in the cal-
culation, W/m3.

The dual-potential multiscale multidomain (MSMD) cell
model is chosen for this study to derive the temperature and
electric fields of the battery, with the following set of differ-
ential equations describing the temperature distribution
and potential distribution [46].

∂ρbCp,bT

∂t
−∇ ⋅ λ∇Tð Þ = σ+ ∇ϕ+j j2 + σ− ∇ϕ−j j2 + _qECh, ð9Þ

∇ ⋅ σ+∇ϕ+ð Þ = −jECh, ð10Þ
∇ ⋅ σ−∇ϕ−ð Þ = jECh, ð11Þ

where σ+ and σ− are the effective conductivities of the posi-
tive and negative electrodes, respectively; ϕ+ and ϕ− are the
potentials of the positive and negative electrodes, respec-
tively; and jECh and _qECh are the volumetric current transfer
density and the heat due to electrochemical reaction, respec-
tively. Compared with equation (8), equation (9) lists the
heat generated by the battery more specifically, including
ohmic heat (σ+j∇ϕ+j2 + σ−j∇ϕ−j2) and electrochemical heat.
The volumetric current density and electrochemical heat are
calculated by the subscale ECM model as follows.

jECh =
I

Vol
, ð12Þ

_qECh =
I

Vol
VOCV − ϕ+ − ϕ−ð Þ − T

dU
dT

� 	
, ð13Þ

where I is the current; Vol denotes the volume of the cell
body; VOCV is the open circuit voltage. In equation (13), I/
Vol½VOCV − ðϕ+ − ϕ−Þ� denotes polarization heat, and −ðI/
VolÞTðdU/dTÞ denotes the reaction heat [47, 48]. The I-V

relationship of the battery can be obtained by solving the cir-
cuit equations of the ECM model as follows:

V tð Þ = VOCV SOCð Þ +V1 +V2 − Rs SOCð ÞI tð Þ,
dVtran,s
dt

= −
1

Rtran,sCtran,s
V tran,s −

1
Ctran,s

I tð Þ,

dVtran,l
dt

= −
1

Rtran,lCtran,l
V tran,l −

1
Ctran,l

I tð Þ,

d SOCð Þ
dt

=
I tð Þ

3600Qref
:

ð14Þ

In the above set of equations, VOCV, Rseries, Rtran,s, Ctran,s,
Rtran,l, and Ctran,l are all functions of the state of charge
(SOC). The specific function relationship form was pro-
posed by Chen and Rincon-Mora [49], in which the param-
eters can be obtained based on the experimental data. In this
work, the I-V characteristic data of lithium-ion battery
under different currents discharging and the temperature
evolution data at the center of the battery outer surface are
obtained experimentally. The function relationships on
SOC determined from these data are shown as follows:

VOCV = 3:2 + 0:125SOC‐0:04SOC2 + 0:03SOC3‐0:7 exp ‐18:5SOCð Þ,
Rseries = 0:015 + 0:3 exp ‐8:5SOCð Þ,

Rtran,s = 0:05 + 0:01 exp −29:14SOCð Þ,
Ctran,s = 703:6 − 752:9 exp −13:51SOCð Þ,
Rtran,l = 0:05 + 0:01 exp ‐155:2SOCð Þ,
Ctran,l = 4475 − 6056 exp ‐27:12SOCð Þ:

ð15Þ

Using the model based on these parameters, the I-V per-
formance curves and temperature evolution curves of the
single battery under different discharging rates (under con-
stant currents of 10A, 20A, and 30A) can be well matched
with the experimental data, as shown in Figures 4 and 5.
The relative error of battery voltage during discharge is
within 3%, and the relative error of temperature (K) is
within 1%.

The inlets and outlets of designs are specified in Figure 1.
All inlet boundary conditions in the research are velocity-
inlet, with constant inlet velocity and inlet temperature of
25°C. All outlet boundary conditions are pressure-outlet,
with atmospheric pressure at outlet. The fluid walls, as
shown in Figure 2, are set as a no-slip wall boundary. All
of the outer walls of the model are set as an insulation
boundary. The initial temperature is 25°C. The simulations
are performed on the ANSYS FLUENT platform. The spatial
discretization methods of pressure, momentum, energy, and
potential are second order, second order upwind, second
order upwind, and first order upwind, respectively. In the
simulation, the convergence criteria of velocity, energy, and
potential are 10-6, 10-9, and 10-12, respectively.

2.3. Grid Independence Analysis. The structured mesh is
applied in this study for battery packs using ANSYS ICEM.
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A grid independence test was performed. Taking design C as
an example, four types of meshes with numbers of 731290,
1533803, 5997744, and 10466752 were established. The aver-
age temperature on the battery pack and the surface average
temperature of the third outlet on design D at the end of 5C
discharging, Tcell and Toulet, are selected for comparison in
the analysis. The comparison results of different meshes are
as shown in Figure 6. It is found that the mesh with 5997744
grids is already suitable for the work. A similar grid indepen-
dence test was also conducted for design A, design B, and
design D. The results showed that the numbers of suitable
meshes for the three cases were 6173920, 7441384, and
8801884, respectively. As for the time step testing, taking the

simulation result with 0.5 s time step as the reference result,
the maximum temperature on battery cell is used for compar-
ison. Modeling results of 1.0 s and 2.0 s are compared. The
results shows that the deviations of maximum temperature
with time testing condition of 1.0 s and 2.0 s are 0.141% and
0.460%, respectively. It is found the time step of 2.0 s is reason-
able to the simulation in current work. The meshes of the four
cases are shown in Figure 7.

3. Results and Discussion

3.1. The Influence of Discharging Rate on the Performance of
Four Designs. This section investigates the thermal
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performance of the four designs in the discharge process at
three rates of 0.5C, 1.0C, and 2.0C. The temperature rising
and temperature uniformity of the four designs at different
discharging rates are compared, which are reflected by the
maximum temperature (Tmax) and maximum temperature
difference (Tdiff ) of the battery packs, respectively. The inlet
mass flow rate of all four designs is 1:8 × 10−2 kg/s. Figure 8
depicts the I-V curves of the battery packs simulation at the
three discharge rates. Due to the electrochemical characteris-
tics of the Li-ion battery, the battery pack has a stable voltage
platform in the middle of the discharge process. When dis-
charging progress is almost finished, the lithium ions in

the negative electrode will be depleted and the battery volt-
age drops rapidly.

Figures 9–11 show the maximum temperature and max-
imum temperature difference curves of the battery packs for
design A, design B, design C, and design D during dischar-
ging at 0.5C, 1.0C, and 2.0C, respectively. As can be seen
from the figures, the maximum temperature evolutions of
the battery pack under different discharge rates show a sim-
ilar pattern. The maximum temperature rises throughout the
whole discharging process. The electrochemical heat is
released steadily and accumulates in the middle working
platform, and thus, the temperature rises steadily. At the
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end of the discharge, a sudden drop in voltage leads to a
series generation of irreversible heat, resulting in a rapid
increase in temperature. Figure 12 shows the maximum tem-
perature and maximum temperature difference curves of
design A at different discharge rates. It can be seen that the
maximum temperature rises significantly, and the tempera-
ture difference increases significantly with the discharge rate
accelerating. This is because the higher discharge current

increases the rate of irreversible heat generation and accu-
mulation, which further causes the increase in temperature
and temperature difference [26, 50].

The maximum temperature of design A is the highest
under all three discharge rates, followed by design C, design
B, and finally, design D. The maximum temperature of
design A is already over 30°C at 0.5C and reaches 47°C at
2.0C, which is above the optimal operating temperature
range. The high-temperature zone of lithium battery
degrades faster than other zones and may eventually become
ineffective. Operating temperature above 40°C will accelerate
the decomposition of the solid electrolyte interface (SEI) and
can be detrimental to lithium-ion battery performance. The
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Figure 13: The temperature contours of four designs at the end of 2.0C discharging: (a) design A, (b) design B, (c) design C, and (d) design D.

Table 2: The power consumption of the pump.

Case Design A Design B Design C Design D

P (10-3W) 9.32 20.5 5.52 1.18
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maximum temperature of design D is always kept within
30°C, and the entire pack is always at the optimal operating
temperature. This is because compared to the other three
designs design D has a stronger convection heat transfer
for its high-speed coolant. In addition, increasing the dis-
charge rate has a significant impact on design A, design B,
and design C. Under 0.5C, the maximum temperature of
design A, design B, and design C increased by 22.9%,
10.6%, and 16.4%, respectively, compared to the initial tem-
perature. Under 2.0C, it increased by 88.1%, 67.5%, and
80.1%, respectively. However, the maximum temperature
of design D increased by 2.1% and 20.4% under 0.5C and
2.0C, respectively, which is a small change relatively. From
the perspective of temperature uniformity, the maximum
temperature difference of design D is within 5°C for dis-
charge rates. The maximum temperature differences of
design A, design B, and design C increase significantly with
the acceleration of discharge rate and can exceed 14°C at
2.0C, which will cause the degradation of the battery pack
performance.

Figure 13 shows the temperature field of the four designs
at the end of 2.0C discharging. For design A, the cells close
to the cold plate are well cooled. To dissipate outside, the
heat generated by the cells farther away from the cold plate
needs to overcome the thermal resistance composed of mul-
tiple cells and contact layers, while the thermal conductivity
of cells along the z-direction is small which means a large

thermal resistance. So, the cooling effect is poor. Therefore,
the temperature gradient inside each cell in design A is not
obvious. The temperature difference of about 20°C in the
pack comes from the temperature difference between single
cells. Its highest temperature is located on the cell farthest
from the cold plate. The simulation results show that at
the end of discharge, the total heat productions of the near-
est and farthest cells in the z-direction both are 20.09W,
while they dissipate 14.25W and 0.14W heat, respectively.
The latter is hardly cooled. Each cell of design B is basically
under the same cooling condition, so the temperature distri-
bution of each cell is basically the same, which shows a large
temperature gradient with a lower temperature zone located
on the side near the cold plate. The main direction of heat
transfer is the negative direction of the x-axis, and the ther-
mal conductivity of the battery in this direction is large
which means a small thermal resistance. Thus, design B
has a better performance on temperature control under the
same mass flow rate compared to design A. The heat dissipa-
tion direction of design C is the negative direction of the y
-axis, and the thermal conductivity of the battery in this
direction is the same as that in the x-axis. However, the
height of the cell in the y-direction is 205.5mm, which is
larger than its length on the x-axis of 156mm. Therefore,
compared with design B, design C has a greater resistance
and a slightly worse cooling performance. Design D uses
12 cold plates to achieve the fullest contact between the cold
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Figure 14: The average temperatures of four designs under 1.0C discharging rate with the contact layer conductivity of 0.0242 W∙m-1∙K-1
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Table 3: The maximum temperature and the temperature difference of the battery packs.

k (W m-1 K-1)
Design A Design B Design C Design D

Tmax (
°C) ΔT (°C) Tmax (

°C) ΔT (°C) Tmax (
°C) ΔT (°C) Tmax (

°C) ΔT (°C)

0.0242 37.358 11.874 31.769 5.809 34.281 7.078 26.521 1.179

1 37.073 11.328 31.741 5.779 34.230 7.018 26.690 1.441
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terminal and the hot terminal, showing an excellent cooling
effect, low-temperature rise, and a small temperature gradi-
ent on the pack. Compared to other cells that are between
two cold plates, the farthest cell in the z-direction is only
cooled by one cold plate on one side, so it shows a slightly
higher temperature.

The pump power of liquid-cooled BTMS required to
maintain its coolant circulation is an important parameter
to evaluate its performance [51]. The power consumption
of the pump is calculated as [22]

W = 〠
n

i=1
ΔPi

_Vi, ð16Þ

where i denotes the number of channels in a single system; n
is the total number of channels; ΔPi denotes the pressure
drop from coolant inlet to outlet, Pa; _Vi denotes the volu-
metric flow rate of the ith channel, m3/s. The power con-
sumption of the four designs at the end of the discharging
are reported in Table 2.

Due to the small scale of the channels, the pump power
consumptions are small, and design D requires the least
power consumption. Compared to design D, design A,
design B, and design C need more pump power consump-
tion, because with the same inlet mass flow, these three
designs have larger inlet velocity, and thus, their pressure
drops and pump power consumption are higher. In sum-
mary, design D can obtain the best cooling effect with min-
imum power consumption and can meet the cooling
requirement of the battery pack under 0.5C, 1.0C, and
2.0C discharging conditions. In addition, it is less affected
by the discharge rates, showing better stability and far better
performance than other designs.

3.2. The Influence of Contact Thermal Resistance on the
Performance of Four Designs. The contact thermal resistance

between cells in a battery pack can have a great impact on
the battery heat dissipation. Filling thermal conductive
adhesive between cells can effectively reduce the temperature
rise and temperature difference of the battery pack [52]. This
section explores the effect of contact thermal resistance
between cells on the thermal performance of four designs.
The maximum temperature and the maximum temperature
difference in the battery packs are used as the evaluation cri-
teria for the thermal performance of the battery packs. The
thermal conductivity of 1.0W∙m-1∙K-1 (thermal conductiv-
ity of air) and 0.0242W∙m-1∙K-1 (thermal conductivity of
thermal adhesive) was used as the thermal conductivity of
the contact thermal resistance layer in the battery pack
model. The discharge rate is 1.0 C, and the coolant inlet
mass flow rate is 1:8 × 10−2 kg/s.

Figure 14 shows the average temperature comparison of
the four designs at the end of discharging for different ther-
mal resistance cases. The maximum temperature and maxi-
mum temperature difference are listed in Table 3. Overall,
the filling of the thermal conductive adhesive can reduce
the thermal resistance during the heat transfer process, and
thus, it can make a positive effect on the thermal perfor-
mance of all four designs. However, the effect on design A
is larger, and the effect on the others is small. In design A,
the heat generated by batteries dissipate along the negative
z-axis. The thermal resistance in this direction from the cold
plate to the farthest cell can be calculated as

Rt = 12
δb
kb,z

+ 11
δc
kc
, ð17Þ
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where δb and δc are the thicknesses of cell and contact layer,
m, respectively; kb,z and kc are the thermal conductivity of
cell and contact layer in z-direction, W∙m-1∙K-1, respec-
tively. When the thermal conductivity of contact thermal
layer is 1.0W∙m-1∙K-1 and 0.0242W∙m-1∙K-1, the thermal
resistances from the cold plate to the farthest cell are
0.361m2∙K/W and 0.094m2∙K/W, respectively. 74% of the
thermal resistance is reduced by filling with thermal conduc-
tive adhesive. For design B and design C, the thermal resis-
tances are not significantly weakened. The average
temperature, maximum temperature, and temperature dif-
ference are all slightly reduced. For design D, the filling of
the thermally conductive adhesive improves the heat trans-
fer between the cold plate and the cells, but the maximum
temperature and temperature difference increase instead.
This is because in design D, for the cell farthest from the cold
plate, only one side is cooled, and the cold plate attached to
it not only cools it but also provides cooling to its neighbor-
ing cell. The increased thermal conductivity of the contact
layer enhances the cooling of the adjacent cell by the cold
plate and also leads to a slight weakening of its ability to cool
the farthest cell. At the end of discharging, the total heat dis-
sipated through the cold plate by the farthest cell with con-
tact layer k = 0:0242W∙m−1∙K−1 is 4.955 W, while this
value is 4.793 W for contact layer k = 1:0W∙m−1∙K−1. The

addition of the thermal conductive adhesive improves the
heat dissipation of the BTMS, with different magnitudes of
enhancement for different designs. However, the reduction
in contact thermal resistance does not necessarily improve
the thermal performance of the system, depending on the
situation. Design D shows a small decrease in thermal per-
formance with the increase of contact layerss thermal con-
ductivity, but its performance is still superior.

3.3. The Performances of Four Designs under External Short
Circuit Condition. Under external short circuit condition,
the battery pack will discharge at a high current in a very
short time and cause a rapid temperature rise, which may
trigger thermal runaway, combustion, and explosion. A suit-
able thermal management design can effectively limit the
temperature rise and temperature gradient of the battery
pack under external short circuit condition [29] and also
prevent the further spread of thermal runaway in the battery
pack when it occurs [53]. In this section, the performance of
four designs under 0.2Ω external short circuit condition is
explored, and further, studies on the effect of coolant inlet
flow rate on thermal performance are carried out.

The voltage response of the battery pack under 0.2 Ω
external short circuit condition is shown in Figure 15.
Figure 16 depicts the temperature response of the four

Table 4: The maximum temperature and the temperature difference of the battery packs.

qm (kg s-1)
Design A Design B Design C Design D

Tmax (
°C) ΔT (°C) Tmax (

°C) ΔT (°C) Tmax (
°C) ΔT (°C) Tmax (

°C) ΔT (°C)

3:6 × 10−3 97.010 59.063 95.115 49.112 97.004 41.174 76.586 35.033

1:8 × 10−2 97.010 63.042 94.531 56.921 97.123 49.088 62.081 31.532

3:6 × 10−2 97.010 63.722 94.149 58.219 96.894 50.689 55.530 26.837
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designs. The battery pack discharges within 460 s, and the
temperature rises rapidly. The maximum temperatures of
design A, design B, and design C easily exceeds 80°C
which means the battery pack is in danger of thermal run-
away. Design D has a lower maximum temperature of
about 60°C due to its excellent cooling performance, but
still exhibits a significant temperature rise. Under external
short circuit condition, the current of the pack during dis-
charging process is so high that batteries generate a large
heat, and thus, the significant increase in temperature
occurs on the pack.

The maximum temperature and temperature difference
of the four designs with inlet flow rates of 3:6 × 10−3 kg/s,
1:8 × 10−2 kg/s, and 3:6 × 10−2 kg/s under 0.2 Ω external
short circuit condition are shown in Table 4. For design A,
design B, and design C, the increase in coolant flow rate does

not significantly enhance the cooling effect but worsens the
uniformity of temperature distribution on the battery pack.
In addition, the maximum temperature and temperature dif-
ference of all three show a tendency to approach a constant
value with the increase of the mass flow rate. It indicates that
increasing the coolant mass flow rate has a limited and weak
effect on the thermal performance of design A, design B, and
design C.

In contrast, the maximum temperature and temperature
difference of design D decrease steadily with the increase of
the coolant mass flow rate. Figure 17 plots the maximum
temperature and temperature difference of design D for the
three mass flow rates under 0.2 Ω external short circuit con-
dition. With low flow mass rates, design D still has the pos-
sibility to exceed the 80°C temperature. The increase in mass
flow rate significantly enhances its cooling capability,
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Figure 18: The temperature contour evolution of design D under 0.2Ω external shorting condition with coolant inlet mass rate of 3:6 ×
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reducing the maximum temperature by 27.5% and the tem-
perature difference by 23.4%, avoiding the risk of thermal
runaway and mitigating the capacity degradation and per-
formance deterioration caused by uneven temperature under
external short circuit condition. In addition, it can be pre-
dicted from the curve trend in the figure that when the cool-
ant mass flow rate is 3:6 × 10 − 2 kg/s, and there is still
potential to continue to enhance the cooling effect by
increasing the mass flow rate.

Figure 18 shows the temperature contour evolution of
design D at 115 s, 230 s, 345 s, and 460 s with a coolant mass
flow rate of 3:6 × 10−3 kg/s under external short circuit con-
dition. The pack temperature rises rapidly in a short period
time, and multiple cells show a high-temperature about
70°C at the end of discharge. The highest temperature is still
located on the farthest cell on the z-axis and is biased
towards the positive direction of the x-axis due to its prox-
imity to the outlet, where the coolant temperature is higher
and the heat transfer ability is lower. It can be speculated
that if another cold plate is attached to the outer side of the far-
thest cell, the cooling performance of the whole battery pack
will be further improved. Figure 19 shows the flow field of
design D with a coolant mass flow rate of 3:6 × 10 − 3 kg/s
under external short circuit condition. It is observed that the
coolant in design D is uniformly distributed among the cells
with a high velocity, which enables efficient heat transfer so
that design D shows better performance and can control the
temperature below 80°C under extreme external short circuit
condition with the same mass flow rate.

4. Conclusions

In this study, four designs of battery thermal management
based on the microfluidic liquid cold plate are proposed
for a 35V battery pack composed of 12 LiFePO4 pouch bat-
teries connected in series. The corresponding three-
dimensional electrical-thermal-fluid model is established,
based on which numerical studies are conducted to explore
and compare the cooling effects of the four designs in terms
of discharge rate, contact thermal resistance, and external
short circuit condition. The simulation results show that:

(a) Design D shows superior performance under three
discharge rates of 0.5C, 1.0C, and 2.0C, and it
achieves the best cooling effect with the lowest pump
power consumption

(b) The reduction of contact thermal resistance between
cells or between cells and cold plates in the battery
pack has a different effect on cold plate thermal
management system with different arrangements.
With the reduction of contact thermal resistance,
the heat dissipation of cold plates increases. How-
ever, in general, the reduction of contact thermal
resistance has a negligible effect on these four ther-
mal management systems

(c) Increasing the inlet mass rate can enhance the heat
dissipation capability of BTMS, but the magnitude
of enhancement varies for different arrangements.
As for design A, design B, and design C, increasing
their coolant mass flow rate has a very weak effect
on the thermal performance enhancement. How-
ever, increasing the mass flow rate can reduce the
maximum temperature and the temperature differ-
ence of design D apparently, keeping the battery
pack under a safe working condition

Design D is slightly complex, but with excellent cooling,
minimal power consumption, and the ability to handle
extreme conditions such as external short circuits, it is an
excellent method for battery thermal management. In addi-
tion, it can be further optimized (for example, adding a cold
plate after the last cell so that each cell is cooled by two cold
plates) to achieve better thermal performance.

Most existing studies on microchannel cold plates have
focused on optimizing the structure, number, flow direction,
and flow rate of the flow channels. There has been little dis-
cussion on the arrangement of the cold plate. This study
investigates the thermal effect of different minichannel cold
plate arrangements. However, this work conducted only in
numerical simulation method without experimental demon-
stration. It needs further experimental research. This work
can provide a reference for the selection and design of
BTMS.
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