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Abstract: Temperature control of the lithium-ion pouch cells is crucial for smooth operation, longevity
and enhanced safety in the battery-operated electric vehicles. Investigating the thermal behavior
of lithium-ion pouch cells and optimizing the cooling performance are required to accomplish
better performance, long life, and enhanced safety. In the present study, the cooling performance
characteristics of 20 Ah lithium-ion pouch cell with cold plates along both surfaces are investigated
by varying the inlet coolant mass flow rates and the inlet coolant temperatures. The inlet coolant
mass flow rate is varied from 0.000833 kg/s to 0.003333 kg/s, and the inlet coolant temperature is
varied from 5 ◦ C to 35 ◦ C. In addition, the effects of the cold plate geometry parameter on cooling
performance of 20 Ah lithium-ion pouch cell are studied by varying the number of the channels
from 4 to 10. The maximum temperature and difference between the maximum and the minimum
temperatures are considered as important criteria for cooling performance evaluation of the 20 Ah
lithium-ion pouch cell with cold plates along both surfaces. The cooling energy efficiency parameter
(β) and the pressure drop for 20 Ah lithium-ion pouch cell with cold plates along both surfaces
are also reported. The study shows that enhanced cooling energy efficiency is accompanied with
low inlet coolant temperature, low inlet coolant mass flow rate, and a high number of the cooling
channels. As a result, the temperature distribution, the pressure drop, and the cooling energy
efficiency parameter (β) of the 20 Ah lithium-ion pouch cell with cold plates along both surfaces are
provided, and could be applied for optimizing the cooling performances of the thermal management
system for lithium-ion batteries in electric vehicles.
Keywords: cold plate; cooling; electric vehicle; lithium-ion; performance

1. Introduction
The exponential increase in energy demand, concerns over environmental degradation due to the
effects of greenhouse gases, and the depletion of fossil fuels have resulted in stricter emission laws,
making alternative, renewable energy sources a sustainable and promising option. Fossil fuel-based
transport and associated sectors accounted for about 30–35% in many developed countries [1]. Recently,
batteries used in electric vehicles (EVs) have gathered reasonable importance as a possible means
to reduce fossil fuel dependence. In EVs, the battery serves as a power source for driving the
vehicle, and can be recharged before use, as compared to internal combustion engine (ICE) operated
automotives, where power is derived from the combustion of fossil fuel.
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A stack of battery packs is the primary power source in many modern EVs. A single battery pack
is composed of many modules; each module is composed of many battery cells, making the single
cell the fundamental unit of the power source for EVs. As a result, the overall performance, range,
and operation of EVs are affected by the performance of the battery pack, module, and individual single
cell. Lithium-ion batteries have high specific power and specific energy densities, lower discharge rates
when not in use leading to better shelf life, relatively longer charge-discharge life cycles, and faster
charging capabilities, which makes them favorable as the power source to drive EVs [2–4]. Zubi et al.
conducted a comprehensive review about the current state of lithium-ion batteries, and determined
that lithium-ion batteries have the capability of developing as an essential segment of future energy
needs, including in the automotive sector [5]. However, the degradation of lithium-ion batteries’
capabilities in terms of capacity fade, power fade, and self-discharge at extreme temperatures indicates
temperature influence; a temperature range of 25 ◦ C to 40 ◦ C could be considered as favorable
for optimal operation [6]. For lower temperatures, the reduction in power is attributed to higher
internal resistance, and for higher temperatures, the reduction in lifespan is attributed to thermal
deterioration. In the absence of an efficient cooling system, the battery temperature escalates due to
heat accumulation, and could lead to thermal runaway damaging whole battery power source [7,8].
In thermal runaway, a large number of chain chemical reactions occur continuously, leading to
a short circuit, with the possibility of fire. Safety in the battery-operated vehicles is one of the main
impediments for comprehensive usage of batteries in the vehicles, making the thermal management of
batteries a very important aspect for the advancement of EVs [9].
The cooling strategy employed in the battery thermal management system needs to maintain
maximum temperature, average temperature, and temperature evenness in the battery pack, as well as
in each cell in the specified working temperature range, for better performance [6]. A variety of cooling
strategies are being investigated for lithium-ion batteries, with different coolants such as air, mineral oil,
heat pipes, water, and phase change material (PCM). Among the various cooling methods and coolants,
water-based cooling systems have generated much attention, as water has excellent thermal properties
as a coolant [10]. Air-based cooling strategies have the advantage of a simplified arrangement and little
maintenance, but suffer from limitations in maximum heat removal capacity. In addition, the noise
issue due to the high fan speed makes this solution undesirable [11]. Integrating PCM into the cooling
system has shown the advantage of even temperature distribution; however, the low cooling efficiency
issue needs to be resolved [12]. PCM-based cooling could be a promising option provided that the
thermal conductivity of PCM is improved [13]. Mineral oil, due to its dielectric behavior, could be used
for direct cooling with better efficiency, but feasibility for practical usage needs to be tested [14,15].
Comparing a variety of cooling strategies, water-based cooling systems provide excellent cooling,
and have the advantage of less volume requirement due to compactness. Panchal et al. [16] conducted
an experimental and numerical study on the thermal behavior of prismatic lithium-ion battery cells
by employing a mini-channel cold plate, and suggested that CFD simulations could be used in the
design and optimization of battery cooling systems. In a supplement to the above discussion, major
automotive manufacturing companies such Tesla, Hyundai, General Motors etc. are using water-based
cooling methods for temperature control of the lithium-ion pouch cells in EVs.
One of the methods to enhance the travel range of EVs is to design lithium-ion batteries with
higher energy densities which can provide more power per unit weight [17]. Throughout the last
decade, the enhancement in the energy density of lithium-ion batteries has resulted in a corresponding
increase in EV travel range. However, high energy density lithium-ion batteries have the disadvantage
of high heat generation. Therefore, effective and compact cooling is necessary for safe operation and
longevity [18,19]. The optimization of existing cooling methods is one of the effective ways to enhance
the cooling capability.
In the present study, the cooling performance characteristics of lithium-ion pouch cells with cold
plates on both surfaces are numerically investigated. The input parameters are varied by changing
the inlet coolant mass flow rate and temperature for 1C and 2C discharge rates. The validation of
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Table 1. Geometry details.
Parameter

Value

Overall size

(mm3 )

205 × 157 × 10.4

Battery size

(mm3 )

205 × 157 × 7

Cold plate size

(mm3 )

Number of cooling channels

205 × 157 × 1.7
4, 6, 8, 10

Table 2. 20Ah Li-ion pouch cell specifications [20].

(a)

Parameter

Value

Cathode material

LiFePO4

Anode material

Graphite

Electrolyte

Carbonate based

Nominal capacity (Ah)

20.0

Nominal Energy (Wh)

65

Energy density (Wh/L)

247

Mass (g)

496

Specific power (W/kg)

2400

Specific energy (Wh·kg)

131

Volume (L)

0.263

Density

(kg/m3 )

1940

Thermal conductivity (W/m·K)

18.2

Specific heat capacity (J/kg·K)

1000

(b)

(c)

(d)

Figure
Energies 2018, 11,
2550 1. Numerical model for the 20 Ah lithium-ion pouch cell with cold plates along both surfaces
(a) Geometry (b) Schematic (c) Meshing-full domain (b) Meshing-section.
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2.2. Numerical Method

Table 1. Geometry details.

Parameter

Value

The present study is treated as turbulent3 fluid flow with heat transfer based on the Reynolds
Overall size (mm )
205 × 157 × 10.4
number, 8.7 × 103 , for circular Battery
pipes size
obtained
ANSYS Meshing (ANSYS
(mm3) in the experiment
205 × 157 [20].
×7
18.0, Ansys Inc., Canonsburg, PA,
is used
ColdUSA)
plate size
(mm3to
) resolve the
205simulation
× 157 × 1.7 domain into finer elements.
The governing equations, including
equations, are solved
Number ofNavier-stokes
cooling channels equations4,and
6, 8, turbulence
10
using the commercial code ANSYS CFX 18.0 solver [21], and reliable results are obtained by setting
Table 2. 20Ah Li-ion pouch cell specifications [20].
appropriate convergence criteria.
The details of continuity, momentum conservation, and energy
Parameter
Value
conservation are given from Equations
(1)–(3). CFD technique
provides comprehensive results
Cathode
material
LiFePO
4
extending over the complete numerical domain, as compared to experimental
study, where data
Anode
material
Graphite
is obtained at specific points. As temperature distribution is of interest in the present study, the energy
Electrolyte
Carbonate based
equation is also solved.
Nominal capacity (Ah)
20.0
∇∗V = 0
(1)
Nominal Energy (Wh)
65
Energy density (Wh/L)
Mass (g)
Specific power (W/kg)
Specific energy (Wh·kg)
Volume (L)
Density (kg/m3)
Thermal conductivity (W/m·K)

247
496
2400
131
0.263
1940
18.2
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→
∂V
+ (V · ∇V ) = −∇ p + (µ∇2 V − λ)
∂t



→
∂ρT
µ
µt
+ ∇ ∗ [ρVT ] = ∇ ∗
+
∇T
∂t
Pr Prt


(2)

ρ

(3)

For all cases, the k-ε turbulent model with a turbulent intensity of 5% is considered for turbulence
modeling based on Reynolds number and low-medium level turbulence. The equations for turbulent
kinetic energy and eddy viscosity are given in Equations (4) and (5).
→
∂ρk
+ ∇ ∗ [ρVk] = ∇ ∗
∂t
→
∂ρε
+ ∇ ∗ [ρVε] = ∇ ∗
∂t





 
µt
µ+
∇k + Gk + Gb − ρε − YM + Sk
σk

(4)

 
µt
ε
ε2
µ+
∇ε + C1 ( Gk + C3 Gb ) − C2 ρ + Sε
εk
k
k

(5)

In Equations (4) and (5), C1 , C2 , and C3 are provided as the model constants, and σk and σε are
the corresponding turbulent Prandtl numbers for k and ε. Sk and Sε represent user-defined source
terms. The eddy viscosity is computed by Equation (6):
µt = Cµ ρ

k2
ε

(6)

Water is considered as the coolant in the current numerical analysis, and the coolant flow is
assumed to be incompressible. The thermophysical properties including thermal conductivity, specific
heat, and viscosity of the coolant are considered independent of temperature. The temperature of
the battery, the cold plate, and the coolant changed throughout the numerical domain according to
the location.
Table 3 shows the boundary conditions employed for setting up the numerical simulation. Table 4
shows the heat generation rates for the different discharge rates and different inlet coolant temperatures
with water as coolant, provided by the experimental study [20].
Table 3. Boundary conditions.
Parameter

Value

Coolant
Inlet coolant temperature

Water
(◦ C)

5, 15, 25, 35

Inlet coolant mass flow rate (kg/s)

0.000833, 0.001667, 0.002500, 0.003333

Current discharge rate (C)

1, 2

Turbulence model

k-ε

Turbulent intensity (%)

5

Turbulent viscosity ratio

10

Table 4. Experimental results for the maximum heat generation rate at 1C, 2C discharge rates and the
different boundary conditions [20].
Cooling Types

Inlet Coolant Temperatures (◦ C)

Coolant

Water

1C

2C

5

24.0

50.4

15

22.5

44.2

25

19.4

36.9

35

12.5

29.5

Active (U-turn cold plate)

Maximum Heat Generation Rates (W)
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The mesh generation
of the lithium-ion pouch cell with cold plates
on both surfaces is shown in
Parameter
Value
the Figure 1c,d. After meshing,
9,407,382
elements
are
generated
with
1,662,537
nodes. The minimum
Coolant
Water
and the maximum
orthogonal
qualities(°C)
of 0.1731 and 0.998 are reported
Inlet coolant
temperature
5, 15, 25,to
35be within the acceptable
quality. A total
of
five
mesh
models
are
employed
to
investigate
the
mesh
independency
Inlet coolant mass flow rate (kg/s)
0.000833, 0.001667, 0.002500,
0.003333 test of the
numerical study.
Table
5
shows
the
details
of
the
mesh
with
the
number
of
elements.
Figure 3 shows
Current discharge rate (C)
1, 2
that as the element numbers
increased
that the average outlet coolant
Turbulence
model from 4,612,864 to 10,647,327, andk-ε
temperature and Turbulent
the average
pressure
drop
are
converged
within
0.025%
intensity (%)
5 and 0.033% after the element
numbers of 9,407,382.
As viscosity
a result, ratio
mesh with the element number 10
of 9,407,382 is selected for the
Turbulent
numerical analysis, considering accuracy as well as computational cost.
Table 4. Experimental results for the maximum heat generation rate at 1C, 2C discharge rates and the
Table 5. Mesh details.
different boundary conditions [20].

Cooling Types
Coolant
Active
(U-turn cold plate)

Mesh
Type
Number
Inlet Coolant
Temperatures
(°C) of Elements
Maximum Heat Generation Rates (W)
Type
1
4,612,864
Water
1C
2C
Type
2
6,134,164
5
24.0
50.4
15 3
44.2
Type
7,716,948 22.5
25 4
36.9
Type
9,407,382 19.4
35
12.5
29.5
Type 5
10,647,326

Figure 3. Mesh independency test.
Figure 3. Mesh independency test.

2.3. Data Reduction

Table 5. Mesh details.

The effectiveness of the 20 Ah lithium-ion pouch cell with cold plates along both surfaces is
Mesh
Type
of Elements
evaluated in terms of the key
parameter
of β. Number
The parameter
β is defined as the cooling energy
Type
1
4,612,864
efficiency, and is employed to evaluate the cooling effectiveness. The parameter β could be determined
6,134,164
using the following equations:Type 2
Type 3
7,716,948
Heat takenType
away
by
liquid
coolant
from lithium − ion pouch cell
4
9,407,382
β=
(7)
Power
for supplying
liquid coolant
Typeconsumption
5
10,647,326
To specifically compare the relationship between heat removal rate and pumping power for
various geometry arrangements with different number of cooling channels, in Equation (7), in the
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denominator, the power needed to cool the used coolant down to inlet temperature is neglected.
From Equation (7) it can be understood that a higher beta value corresponds to effective cooling.
The increase in the mass flow rate affects numerator and denominator simultaneously. The heat
transfer rate from the liquid coolant is calculated by Equation (8), and the power consumption for
supplying liquid coolant through channels is calculated by Equation (9).
.

Q = m × c p × ∆T

(8)

P = Pdrop × Qv

(9)

The cooling performance is dependent on the available area for heat transfer. In the present study,
the effect of available surface area on cooling performance can be evaluated by a non-dimensional
parameter α. The parameter α is called as surface area coverage ratio, and is defined as the ratio of
surface area of cooling channels and the lateral surface area of cell. Here, the total surface area of all
the circular channels and only the side surface of the battery are considered, i.e., where predominantly
generated heat is removed by the coolant. Table 6 shows the details of surface area coverage ratio in
the present study.
Surface area of cooling channels
α=
(10)
Lateral surface area of battery
Table 6. Surface area coverage ratio.
Number of
Channels

Side Surface Area of
Single Cell (mm2 )

Surface Area of all the Channels for
One Side of the Battery (mm2 )

Surface Area
Coverage Ratio

4

31,465

9387.9

0.298

6

31,465

14,188.6

0.450

8

31,465

18,873.5

0.599

10

31,465

23,606.8

0.750

3. Results and Discussion
Literature exists for the water jacket cooling [22] and mini channel cold plate cooling [23], but
detailed analysis of U-turn cold plates with varying the inlet coolant mass flow rates, the inlet coolant
temperatures and the number of cooling channels on both side surfaces of the lithium-ion pouch cell
are not reported. Therefore, the cooling performance characteristics of the 20 Ah lithium-ion pouch cell
with cold plates along both surfaces are numerically investigated with variations of the inlet coolant
mass flow rate and the inlet coolant temperature for 1C and 2C discharge rates. The temperature
distribution, the pressure drop, and the cooling energy efficiency parameter (β) are considered as
the performance parameters. In addition, variations in the cold plate geometry are considered with
different numbers of the cooling channels, and the subsequent effect on the cooling performance
is investigated.
3.1. Validation
To validate the accuracy of the numerical simulation results with the experimental results,
the maximum temperature of 20 Ah lithium-ion pouch cell with varying the inlet coolant temperature
is considered. A comparison of the experimental and the numerical simulation is carried out by
employing similar geometries, dimensions, and boundary conditions. Figure 4 shows the comparison
of the numerical results with the experimental results provided by Panchal et al. [20]. The comparison
showed good agreement within ±13% of the existed data; thus, validation is confirmed.

considered. A comparison of the experimental and the numerical simulation is carried out by
employing similar geometries, dimensions, and boundary conditions. Figure 4 shows the
comparison of the numerical results with the experimental results provided by Panchal et al. [20].
The comparison showed good agreement within ±13% of the existed data; thus, validation is
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Figure
Figure4.4.Validation
Validation[20].
[20].

3.2. Temperature Distribution
3.2. Temperature Distribution
Internal resistance leading to ohmic heating, and electrochemical reactions leading to entropy
Internal resistance leading to ohmic heating, and electrochemical reactions leading to entropy
change, contribute to heat generation during the battery cell operation. The generated heat could
change, contribute to heat generation during the battery cell operation. The generated heat could
increase the battery temperature owing to heat accumulation. The increase in temperature affects the
increase the battery temperature owing to heat accumulation. The increase in temperature affects the
battery capacity as well as its resistance. This is significant for the advancement of EVs, as vehicle
battery capacity as well as its resistance. This is significant for the advancement of EVs, as vehicle
driving range is dependent on battery cell and operating temperature. The maximum temperature
driving range is dependent on battery cell and operating temperature. The maximum temperature
and the temperature non-uniformity in the battery during the operation are two critical criteria for
and the temperature non-uniformity in the battery during the operation are two critical criteria for
quantifying the performance of the battery cooling system. The temperature non-uniformity in the
quantifying the performance of the battery cooling system. The temperature non-uniformity in the
battery is an indicator of uneven temperature distribution, and is defined as the difference between
battery is an indicator of uneven temperature distribution, and is defined as the difference between
the maximum and minimum temperature of the battery. Figure 5 shows the maximum temperature
the maximum and minimum temperature of the battery. Figure 5 shows the maximum temperature
distribution for the 20 Ah lithium-ion pouch cell with surface area coverage ratio (α) parameter of
distribution for the 20 Ah lithium-ion pouch cell with surface area coverage ratio (α) parameter of
0.750. Figure 5a,b show the maximum temperature distribution for the 20 Ah lithium-ion pouch
0.750. Figure 5a,b show the maximum temperature distribution for the 20 Ah lithium-ion pouch cell
cell for 1C and 2C discharge rates, respectively. For both 1C and 2C discharge rates, the maximum
for 1C and 2C discharge rates, respectively. For both 1C and 2C discharge rates, the maximum
temperature decreased with an increase of the inlet coolant mass flow rate varying from 0.000833 kg/s
temperature decreased with an increase of the inlet coolant mass flow rate varying from 0.000833
to 0.003333 kg/s, with surface area coverage ratio (α) parameter of 0.750.
kg/s to 0.003333 kg/s, with surface area coverage ratio (α) parameter of 0.750.
Figure 5a shows that the maximum temperature increased by 392.3% as the inlet coolant
Figure 5a shows that the maximum temperature increased by 392.3% as the inlet coolant
temperature increased from 5 ◦ C to 35 ◦ C at the inlet coolant mass flow rate of 0.003333 kg/s.
temperature increased from 5 °C to 35 °C at the inlet coolant mass flow rate of 0.003333 kg/s. As
As shown in the Figure 5a, the maximum temperature decreased by 8.5% as the inlet coolant mass
shown in the Figure 5a, the maximum temperature decreased by 8.5% as the inlet coolant mass flow
flow rate increased from 0.000833 kg/s to 0.003333 kg/s at an inlet coolant temperature of 35 ◦ C and
rate increased from 0.000833 kg/s to 0.003333 kg/s at an inlet coolant temperature of 35 °C and the
the maximum temperature increased by 80.6% as the inlet coolant mass flow rate increased from
maximum temperature increased by 80.6% as the inlet coolant mass flow rate increased from
0.000833 kg/s to 0.003333 kg/s at an inlet coolant temperature of 5 ◦ C. Figure 5b shows that the
0.000833 kg/s to 0.003333 kg/s at an inlet coolant temperature of 5 °C. Figure 5b shows that the
maximum temperature increased by 280.7% as the inlet coolant temperature increased from 5 ◦ C to
maximum temperature increased by 280.7% as the inlet coolant temperature increased from 5 °C to
35 ◦ C at the inlet coolant mass flow rate of 0.003333 kg/s. As shown in the Figure 5b, the maximum
35 °C at the inlet coolant mass flow rate of 0.003333 kg/s. As shown in the Figure 5b, the maximum
temperature increased by 19.2% as the inlet coolant mass flow rate increased from 0.000833 kg/s to
temperature increased by 19.2% as the inlet coolant mass flow rate increased from 0.000833 kg/s to
0.003333 kg/s at an inlet coolant temperature of 35 ◦ C. The maximum temperature increased by 125.2%
as the inlet coolant mass flow rate increased from 0.000833 kg/s to 0.003333 kg/s at an inlet coolant
temperature of 5 ◦ C. This indicates that, for both 1C and 2C discharge rates, the higher inlet coolant
mass flow rate and the lower inlet coolant temperature provides the lower maximum temperature
in the lithium-ion pouch cell with cold plates along both surfaces. As shown in Figure 5a,b, when
the inlet coolant mass flow rates varied from 0.001667 kg/s to 0.003333 kg/s, the reduction scale
of the maximum temperature is lower than those of the inlet coolant mass flow rates varying from
0.000833 kg/s to 0.001667 kg/s for the different inlet coolant temperatures. Comparing with Figure 5a

coolant mass flow rate and the lower inlet coolant temperature provides the lower maximum
temperature in the lithium-ion pouch cell with cold plates along both surfaces. As shown in Figure
5a,b, when the inlet coolant mass flow rates varied from 0.001667 kg/s to 0.003333 kg/s, the reduction
scale of the maximum temperature is lower than those of the inlet coolant mass flow rates varying
from
kg/s to 0.001667 kg/s for the different inlet coolant temperatures. Comparing
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Figure 5a and Figure 5b, the maximum temperatures show similar trends; however, the maximum
temperatures for 2C discharge rate are higher than those for 1C discharge rate. As shown in the
and Figure
5b, the
maximum
temperatures
show is
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trends; however,
temperatures
Figure
5b, the
highest
maximum
temperature
maintained
below 45the
°C maximum
for all cases,
except for the
for 2C discharge rate are higher than those for 1C discharge rate. As shown in the Figure 5b, the highest
inlet coolant temperature of 35 °C and the inlet
coolant mass flow rate of 0.000833 kg/s. Except for
maximum temperature is maintained below 45 ◦ C for all cases, except for the inlet coolant temperature
this one
case,
the
maximum
temperature
is
maintained
below 40 °C, which, as suggested by many
of 35 ◦ C and the inlet coolant mass flow rate of 0.000833 kg/s. Except for this one case, the maximum
researchers, yields optimum performance
[6]. The variation in the inlet coolant temperatures has a
temperature is maintained below 40 ◦ C, which, as suggested by many researchers, yields optimum
significant effect on the maximum temperatures of the lithium-ion pouch cell as compared with
performance [6]. The variation in the inlet coolant temperatures has a significant effect on the maximum
variations in an inlet coolant mass flow rate. Therefore, it can be concluded that for providing
temperatures of the lithium-ion pouch cell as compared with variations in an inlet coolant mass flow
optimum
operating temperature in the ranges from 25 °C to 40 °C for the lithium-ion pouch cell for
rate. Therefore, it can be concluded that for providing optimum operating temperature in the ranges
1C
and
discharge
with cold pouch
plates cell
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surfaces,
inlet coolant
temperatures
of 15 °C
◦ C to
from
25 2C
40 ◦ C forrates
the lithium-ion
for both
1C and
2C discharge
rates with
cold plates along
and
25
°C
are
suggested.
◦
◦
both surfaces, inlet coolant temperatures of 15 C and 25 C are suggested.

(a)

(b)
Figure 5. Maximum
pouch
cellcell
with
surface
areaarea
coverage
ratioratio
(α) (α)
Figure
Maximumtemperature
temperatureofof2020Ah
Ahlithium-ion
lithium-ion
pouch
with
surface
coverage
parameter of
parameter
of 0.750:
0.750:(a)
(a)1C;
1C;(b)
(b)2C.
2C.

Temperature non-uniformity may cause capacity reduction and hikes in resistance, which may
ultimately speed up non-uniform aging of the lithium-ion pouch cell [24]. Figure 6 shows the
difference between the maximum and the minimum temperature of 20 Ah lithium-ion pouch cell
with surface area coverage ratio (α) parameter of 0.750. Figure 6a,b show the difference between the
maximum and the minimum temperature of 20 Ah lithium-ion pouch cell for 1C and 2C discharge
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the maximum
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ForFor
thethe
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inletinlet
coolant
massmass
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difference
between
the maximum
and the and
minimum
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decreased
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temperature
significantlysignificantly
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However,
However,
for
the
higher
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mass
flow
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between
the
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minimum
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changed
slightly
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an
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the
inlet
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This
temperatures is changed slightly with an increase of the inlet coolant temperature. This indicates

that, for both 1C and 2C discharge rates, the higher inlet coolant mass flow rate and the higher inlet
coolant temperature provides the better temperature uniformity considering the difference between the
maximum and the minimum temperature in 20 Ah lithium-ion pouch cell with cold plates along both
surfaces. As shown in Figure 6a,b, for the inlet coolant mass flow rates varying from 0.001667 kg/s
to 0.003333 kg/s, the reduction scale of the difference between the maximum and the minimum
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indicates that, for both 1C and 2C discharge rates, the higher inlet coolant mass flow rate and the
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Figure 7. Pressure drop for the coolant of 20 Ah lithium-ion pouch cell with varying the number of
channels and the mass flow rate.

3.4. Cooling Energy Efficiency
Figure 8 shows the cooling energy efficiency (β) of the 20 Ah lithium-ion pouch cell with a surface
area coverage ratio (α) parameter of 0.750. Figure 8a,b show the cooling energy efficiency parameter
(β) of the 20 Ah lithium-ion pouch cell for 1C and 2C discharge rates, respectively. For both 1C and
2C discharge rates, the cooling energy efficiency parameter (β) decreased with the increase of the
inlet coolant mass flow rate varying from 0.000833 kg/s to 0.003333 kg/s for surface area coverage

both 1C and 2C discharge rates, the cooling energy efficiency parameter (β) decreased with the
increase of the inlet coolant mass flow rate varying from 0.000833 kg/s to 0.003333 kg/s for surface
area coverage ratio (α) parameter of 0.750. For the low inlet coolant mass flow rate, the energy
efficiency parameter significantly increased with the decrease of an inlet coolant temperature.
However, for the high inlet coolant mass flow rate, the energy efficiency parameters are changed
with the increase of the inlet coolant temperature. This indicates that, for both 1C and 13
2Cof 19
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2018, 11, 2550
discharge rates, for the low inlet coolant mass flow rate, the lower inlet coolant temperature
provides the better energy efficiency in the 20 Ah lithium-ion pouch cell with cold plates along both
surfaces.
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Figure 9 shows the cooling energy efficiency (β) of the 20 Ah lithium-ion pouch cell with the
inlet coolant mass flow rate of 0.025 kg/s. Figure 9a,b show the cooling energy efficiency parameters
(β) of the 20 Ah lithium-ion pouch cell for 1C and 2C discharge rates, respectively. The cooling
energy efficiency parameter (β) increased with increase of the surface area coverage ratio (α)
parameter from 0.298 to 0.750 for the inlet coolant mass flow rate of 0.002500 kg/s. For the higher
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As shown in the Figure 8a, the lowest energy efficiency parameter (β) is above 54,000 for the
inlet coolant temperature of 35 ◦ C and the inlet coolant mass flow rate of 0.003333 kg/s. This value is
significant based on the definition of an energy efficiency parameter [25]. Therefore, it can be concluded
that for the inlet coolant temperature of 5 ◦ C and the inlet coolant mass flow rate of 0.000833 kg/s,
the 20 Ah lithium-ion pouch cell with cold plates on both sides shows excellent cooling effectiveness.
This is because of more heat removal capacity of the lower inlet coolant temperature and the lower
power consumption for supplying coolant at low mass flow rate.
Figure 9 shows the cooling energy efficiency (β) of the 20 Ah lithium-ion pouch cell with the inlet
coolant mass flow rate of 0.025 kg/s. Figure 9a,b show the cooling energy efficiency parameters (β)
of the 20 Ah lithium-ion pouch cell for 1C and 2C discharge rates, respectively. The cooling energy
efficiency parameter (β) increased with increase of the surface area coverage ratio (α) parameter
from 0.298 to 0.750 for the inlet coolant mass flow rate of 0.002500 kg/s. For the higher surface area
coverage ratio (α) parameter, the cooling energy efficiency parameter (β) significantly increased with
the decrease of an inlet coolant temperature. However, for the lower surface area coverage ratio (α)
parameter, the cooling energy efficiency parameter (β) is changed slightly with the decrease of an inlet
coolant temperature. This indicates that for the low inlet coolant temperature, the higher surface area
coverage ratio (α) parameter provided the better energy efficiency for the 20 Ah lithium-ion pouch cell
with cold plates along both surfaces. As shown in Figure 9a,b, with the surface area coverage ratio
(α) parameter varying from 0.599 to 0.750, the enhancement scale of the energy efficiency parameter
is higher than that of surface area coverage ratio (α) parameter varying from 0.298 to 0.599 for the
different inlet coolant temperatures. Comparing with Figure 9a and Figure 9b, the cooling energy
efficiency parameter (β) is close for 1C discharge rate for the inlet coolant temperatures of 5 ◦ C and
15 ◦ C, respectively, for the surface area coverage ratio (α) parameter varying from 0.298 to 0.750.
As shown in the Figure 9a, the lowest cooling energy efficiency parameter (β) is above 43900 for
the surface area coverage ratio (α) parameter of 0.298 and the inlet coolant temperature of 35 ◦ C.
This value is significant based on the definition of an energy efficiency parameter [25]. Therefore, it
can be concluded that for the inlet coolant temperature of 5 ◦ C and the surface area coverage ratio (α)
parameter of 0.750, the 20 Ah lithium-ion pouch cell with cold plates on both sides shows an excellent
cooling effectiveness because of heat removal capacity of the lower inlet coolant temperature and
lower power consumption for supplying the coolant at high surface area coverage ratio (α) parameter.
In addition, the low inlet coolant temperature, the low inlet coolant mass flow rate, and high
number of the cooling channels showed excellent cooling energy efficiency. The effects of the inlet
coolant temperatures, the inlet coolant mass flow rates, and the surface area coverage ratio (α)
parameter on three key parameters, namely, maximum temperature, temperature non-uniformity
and cooling energy efficiency, are reported, and will be helpful to optimize the cooling strategy for
lithium-ion pouch cell with cold plates on both surfaces.
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The highest pressure drop of the coolant of 20 Ah lithium-ion pouch cell is 227.6 Pa for the mass
flow rate of 0.001667 kg/s with 4 number of the channels.
Considering the cooling energy efficiency (β) of 20 Ah lithium-ion pouch cell with a surface area
coverage ratio (α) parameter of 0.750, for the inlet coolant temperature of 5 ◦ C and the inlet
coolant mass flow rates of 0.000833 kg/s, the lithium-ion pouch cell with cold plates on both sides
shows an excellent cooling effectiveness.
Considering the cooling energy efficiency (β) of 20 Ah lithium-ion pouch cell with the inlet coolant
mass flow rate of 0.025 kg/s, an inlet coolant temperature of 5 ◦ C and the surface area coverage
ratio (α) parameter of 0.750, the lithium-ion pouch cell with cold plates on both sides shows
an excellent cooling effectiveness.

The effects of inlet coolant temperature, inlet coolant mass flow rate, the surface area coverage ratio
on three key parameters, namely, maximum temperature, temperature uniformity, and cooling energy
efficiency of 20 Ah lithium-ion pouch cell with cold plates along both surfaces are reported, and will
be useful for optimizing the cooling performances in the applications of the thermal management
systems of the lithium-ion batteries for the electric vehicles.
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Nomenclature
C1
C2
C3
Cp
Cµ
Gk
Gb
k
m
P
Pr
Q
Qv
Sk
Sε
T
∆T
t
V
V
vs
YM

model constants
model constants
model constants
Specific heat at constant pressure (J/kg·◦ C)
constant
generation of turbulence kinetic energy due to the mean velocity gradients
generation of turbulence kinetic energy due to buoyancy
turbulent kinetic energy (J)
mass flow rate
pressure (Pa)
Prandtl number
heat transfer rate (W)
volumetric flow rate (m3 /s)
user-defined source terms
user-defined source terms
temperature (◦ C)
temperature difference (◦ C)
time (s)
speed (m/s)
average velocity (m/s)
mean fluid velocity (m/s)
the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate

Greek symbols
∇
gradient operator
β
cooling energy efficiency
ρ
density (kg/m3 )
ν
kinematic fluid viscosity (m2 /s)
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µ
λ
σk
εk
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dynamic fluid viscosity (Ns/m2 )
Reynold’s stress
turbulent Prandtl numbers for k
turbulent Prandtl numbers for ε

Acronyms
C
current discharge rate
CAD computer-aided design
CFD computational fluid dynamics
EV
electric vehicle
HEV hybrid electric vehicles
PCM phase change material
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