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Abstract: The development of electric vehicles plays an important role in the field of energy conserva-
tion and emission reduction. It is necessary to improve the thermal performance of battery modules
in electric vehicles and reduce the power consumption of the battery thermal management system
(BTMS). In this study, the heat transfer and flow resistance performance of liquid cold plates with
serpentine channels were numerically investigated and optimized. Flow rate (

.
m), inlet temperature

(Tin), and average heat generation (Q) were selected as key operating parameters, while average
temperature (Tave), maximum temperature difference (∆Tmax), and pressure drop (∆P) were chosen
as objective functions. The Response Surface Methodology (RSM) with a face-centered central com-
posite design (CCD) was used to construct regression models. Combined with the multi-objective
non-dominated sorting genetic algorithm (NSGA-II), the Pareto-optimal solution was obtained to
optimize the operation parameters. The results show that the maximum temperature differences of
the cold plate can be controlled within 0.29~3.90 ◦C, 1.11~15.66 ◦C, 2.17~31.39 ◦C, and 3.43~50.92 ◦C
for the discharging rates at 1.0 C, 2.0 C, 3.0 C, and 4.0 C, respectively. The average temperature and
maximum temperature difference can be simultaneously optimized by maintaining the pressure drop
below 1000 Pa. It is expected that the proposed methods and results can provide theoretical guidance
for developing an operational strategy for the BTMS.

Keywords: battery thermal management system; response surface methodology; genetic algorithm;
multi-objective optimization; serpentine cold plate

1. Introduction

With the rapid development of global industry, energy shortages and environmental
pollution are becoming increasingly serious. The development of a traditional automobile
using fossil fuels as a power source is facing huge challenges. On the one hand, the annual
oil consumption of traditional fuel vehicles accounts for about 50% of the total global oil
consumption [1]. On the other hand, pollution gases and particles such as CO, CO2, HC,
and NOx in fuel vehicle exhaust are causing global warming and haze [2]. Most countries
in the world have formulated strict exhaust emission standards for conventional fuel
vehicles. New energy vehicles are being vigorously developed and popularized to reduce
the consumption of fossil fuels to achieve energy conservation and emission reduction. In
particular, new energy vehicles (electric vehicles), which take electric energy as the main
or only power source, have the significant advantages of low energy consumption, low
emissions, and near-zero emissions. If renewable energy sources such as solar or wind
power are used to provide electricity, greenhouse gas emissions can be reduced by nearly
40% by using new energy vehicles [3]. Therefore, vigorously developing electric vehicles
has become one of the most effective ways to achieve energy conservation and emission
reduction in the automobile industry.
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As the power source of electric vehicles, the battery power pack is one of the core
components affecting the overall performance of electric vehicles. Its operating temper-
ature directly affects the charging and discharging efficiency, cycle life, and safety of the
battery power pack [4–8]. When the operating temperature is lower than 10 ◦C, the ionic
conductivity and increase in charge transfer resistance, charging and discharging efficiency,
output power, and available capacity of lithium batteries are reduced [9]. As a result,
the overall performance of electric vehicles will be influenced. In practice, the operating
temperature of a lithium battery is not only related to the heat produced by the battery
itself but also depends on the performance of the battery thermal management system
(BTMS). To rapidly emit the heat generated by the battery pack so that the battery is within
the appropriate temperature range and improve the performance of the whole vehicle, a
BTMS is indispensable [10–13].

In recent years, commonly used battery thermal management methods in the mar-
ket include air thermal management technology, liquid thermal management technology,
and thermal management technology, combining active and passive methods [14–16].
Saechan et al. [17] conducted numerical research on the air-cooling and heat-management
system to optimize the cooling performance during the discharge process. A three-
dimensional transient heat transfer model of a cylindrical lithium-ion battery pack was
established to study the influence rate of inlet speed, discharge, and other factors on the
heat transfer process and the influence of the battery arrangement structure on the cooling
performance. The results of the performance optimization show that the maximum temper-
ature and temperature uniformity of the battery are reduced. Liang et al. [18] proposed a
cell BTM solution using a new distributed water-cooled component. The multi-physical
field model of a BTM system was established, and the influence of three important system
parameters (Ver, Ncc, and Tin) on the system performance was studied. The results show
that in order to balance the cooling performance, the power consumption and light weight
of the system need to be moderately determined. Lyu et al. [19] used experimental methods
to develop a new thermal management system for electric vehicle batteries: a combination
of thermoelectric cooling, forced air cooling, and liquid cooling. The liquid coolant comes
into indirect contact with the battery and acts as a medium to remove the heat generated
by the battery during operation. The experimental results show that the system has a good
cooling effect under reasonable power consumption.

Due to the limited cooling capacity, Air-BTMS is widely used to solve the heat dissipa-
tion problem of low-power and small-capacity lithium battery packs [20–23]. A coupled
BTMS based on heat pipes or phase change materials (PCM) usually increases the initial
investment and complexity of the system [24–26]. In contrast, a Liquid-BTMS based on a
cold plate has the advantages of compact structure and high reliability, which satisfy the
requirements of heat dissipation in the limited space [27–30]. Therefore, a Liquid-BTMS has
become the main development direction of power battery module thermal management
technology. For the cylindrical lithium-ion battery pack, Zhao et al. [31] designed a new
type of liquid-cooled cylinder (LCC). The effects of the channel number and the mass flow
rate of cooling water on the thermal characteristics of the battery pack were analyzed. It
was found that the LCC liquid cooling structure had an excellent cooling performance.
Further, the maximum temperature of the battery pack could be controlled under 40 ◦C
when the battery was discharged at 5 C. Gao et al. [32] proposed a novel BTMS design
based on flow direction gradient channels and applied it to cylindrical lithium-ion battery
modules. Compared with the uniform flow channel design, the gradient flow channel
design obviously changes the basic feature of the monotonic rise in temperature along the
flow direction. Basu et al. [33], Du et al. [34], and Wang et al. [35] all designed an indi-
rect contact BTMS using a curved, wavy aluminum flat tube combined with a cylindrical
lithium battery pack. When the battery pack was charged and discharged at a high rate, the
influence of the contact angle between the cooling channel and the battery, channel number,
and cooling water flow rate on the maximum temperature and temperature uniformity of
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the battery was compared and analyzed. It was found that the contact angle had the most
significant influence on cooling performance, and its optimal value was 70◦.

Although the liquid BTMS has been extensively studied to satisfy the heat dissipation
requirements of large-capacity lithium battery packs through the optimization of the liquid
cooling structure and the assembly method with battery packs, research on liquid cooling
technology for high-energy-density lithium battery modules is still necessary. In the optimal
design of liquid-cooled plates, experiments and numerical simulations are mostly used to
optimize the flow form and operating conditions of liquid-cooled plates in a characteristic
form, which often leads to a huge workload and the insufficient universality of the research.
It is difficult to accurately obtain the functional relationship between cold plate performance
and operating parameters. To perform the parametric study, the multi-factor analysis-based
numerical simulation is necessary and profitable.

A response surface method (RSM) is an approach to obtain the functional relationship
between fitting factors and response values by using reasonable experimental design
methods [36–39]. The main advantages of an RSM are as follows: (1) It is possible to
construct specific functional relations to reflect the complex nonlinear relationship between
structural parameters and the performance of liquid cold plates [38,39]; (2) It is convenient
to study the interaction of different factors on the performance of a cold plate, and to explore
the significance of the influence of each factor [40]; (3) A high precision regression equation
can be obtained to guide the design of the structural parameters for a cold plate [41];
(4) Simulation times and complicated calculations can be greatly reduced, and the design
cycle can be shortened [42].

The average temperature of lithium-ion batteries at different battery discharging rates,
the temperature difference between individual batteries, and the temperature difference of
individual batteries themselves all need to be controlled in a practical application. Especially
at high discharge rates, it is necessary to further adjust the operating conditions of the cold
plate to meet the battery cooling requirements. Referring to the authors’ previous work [43],
the cold plates constructed with serpentine channels provide better cooling performance
compared to those with straight channels. On the basis of the obtained optimal cold plate
structure, it is important to study the influence of the cold plate operating parameters on
the performance of lithium-ion batteries under different discharging rates.

According to existing studies, a large number of experiments and simulations are
usually necessary for the optimal design, which is time-consuming and lacks universality.
The analysis of the interaction factor effects based on an elaborate heat transfer analysis
and a reliable mathematical method are also required to clarify the significance of the
influences. For the operation of the cold plate, a universal optimization method covering a
wide range of different operating parameters is essentially needed. Considering the average
temperature of the cold plate and the uniformity of the temperature distribution, a design
system for operating parameters should be constructed to meet the rapid optimization of
cold plate operating parameters under different battery discharging rates and ensure the
efficient operation of a lithium-ion battery pack.

Therefore, this paper intends to adopt the RSM to establish a regression model. The
flow rate and inlet temperature of the coolant and the average heat generation of the
batteries are chosen as independent variables. The heat transfer and flow resistance charac-
teristics are set as objective functions. Based on the response surface analysis, the interaction
effects of the operating strategies on the cold plate performance are clarified. The excellent
operating conditions of the cold plate are also obtained. Taking the maximum temperature
difference and the average temperature of the liquid cold plate surface as constraints,
the multi-objective optimization of the operating parameters is carried out using a non-
dominated sorting genetic algorithm (NSGA-II). The findings are expected to provide a
theoretical basis for the control strategy of battery pack thermal management systems and
the optimization of liquid cold plate performance.
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2. Numerical Investigation
2.1. Configuration of Liquid Cooling System

As a key component of an indirect liquid cooling system for battery thermal manage-
ment, the liquid cold plate is responsible for removing the heat generated by the lithium-ion
battery during the charging or discharging process. The cooling capability of a liquid cold
plate remarkably affects the thermal characteristics of the lithium-ion battery, which has
been extensively proven to have a critical relationship with battery charging and discharg-
ing performance. Therefore, the development of a liquid cold plate with high efficiency
plays an important role for the BTMS in maintaining the battery temperature within a
proper and safe range. It should also be noted that both the flow rate and inlet temperature
of liquid coolant affect the cooling performance, including the maximum temperature and
the temperature difference on the battery module. The required pumping power highly
depends on the flow rate and structure of the liquid cold plate. It can be concluded that
the optimization study of the liquid cold plate is necessary to obtain the proper operating
conditions for the high-efficiency cooling of lithium-ion batteries.

For the reasons stated above, a three-dimensional model was first established using
SOLIDWORKS software to explore the effects of the flow rate and the inlet temperature of
the coolant on the cooling performance of the liquid cold plate for the lithium-ion battery
module. To simplify the model, the heat generation of lithium-ion batteries under different
discharging rates was treated as a surface heat source. The average temperature and
the maximum temperature difference on the liquid cold plate were used to evaluate the
thermal condition of the lithium-ion battery module and were taken as the objectives of the
optimization study. The capacity of the battery model is 37.0 A·h, and its dimensions are
148 mm (x) × 26.5 mm (y) × 94 mm (z). As shown in Figure 1, the battery module consists
of sixteen cells, two of which are connected in parallel and eight in series. The cold plate is
arranged on the side surface of the battery module, as displayed in Figure 2. The length,
width, and thickness of the cold plate are 212.0 mm, 110.5 mm, and 15 mm, respectively.
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Figure 2. The layout of liquid cold plates for battery module cooling.

As shown in the authors’ previous work, the cold plates constructed with serpentine
channels provide better cooling performance compared to those with straight channels [43].
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Furthermore, the configuration of serpentine channels was optimized considering simulta-
neously the thermal behavior of the battery module and the pumping power required. The
liquid cold plate, consisting of 6 serpentine flow paths with each path including 4 parallel
channels, was proven to have better performance, as shown in Figure 3. Each channel
was 2.5 mm in width and 9.0 mm in height, while the thickness of each fin was 1.5 mm.
The thickness of the substrate and cover plate of the cold plate was 3 mm each. The total
thickness of the cold plate was 15 mm. In the present study, the effects of the flow rate and
inlet temperature on the thermal characteristics of the BTMS were numerically investigated
based on the liquid cold plate described above, and the optimization was carried out
involving the pumping power.
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Heat generation from the lithium-ion battery is strongly dependent on the battery
charging or discharging rate. In the present study, the discharging rates of 1.0 C, 2.0 C, 3.0 C,
and 4.0 C were selected as typical working conditions to represent different heat dissipation
demands. In references [44–46], the heat generation rates of a single lithium-ion battery
under the various discharging rates were investigated in experiments and electrochemistry
simulations based on the pseudo-two-dimensional model. Under the discharging rates of
1.0 C, 2.0 C, 3.0 C, and 4.0 C, the average heat generation rates of a single battery were 5 W,
20 W, 40 W, and 65 W, respectively. The surface heat flux applied on the cold plate was
determined accordingly.

2.2. Governing Equations and Boundary Conditions

The material of the liquid cold plate was aluminum, while water was used as the liquid
coolant. The following assumptions were made before performing the numerical study:

(1) The total flow rate of the coolant and the heat flux on the cold plate keep constant
during the cooling process. Therefore, the flow and heat transfer in the liquid cold plate is
incompressible and steady;

(2) Since the temperature variation range of water is less than 10 ◦C in most cases, the
thermal properties of water are considered to be constant;

(3) According to the sizes of the studied liquid cold plate, the effects of gravity and
viscous dissipation can be neglected.

The governing equations for the flow and heat transfer in the cold plate can be
written as:

div(ρUφ) = div
(
Γφgradφ

)
+ Sφ (1)

where ρ is the density of the coolant, kg·m−3, U is the velocity vector, and φ is the unknown
to be solved. The left side of the equation is the convective item, whereas the items on the
right side are the diffusive item and source item, respectively.

Flow and heat transfer in the cold plates constructed with serpentine channels were
numerically investigated by adopting the k-ω turbulent model, and the results were vali-
dated using the experiments in Ref [47]. The governing equations to be solved included
the continuous equation (φ = 1), the momentum equations (φ = Ux, Uy, and Uz), the energy
equation (φ = T), the turbulent kinetic energy equation (φ = k), and the specific dissipation
rate equation (φ = ω).

Uniform velocity and temperature were set as the boundary conditions at the inlet of
the cold plate, whereas zero pressure was set at the outlet. Uniform heat flux was applied
to the two large surfaces of the cold plate, and adiabatic condition was set for the other
surfaces. No-slip boundary condition was set for the contact surfaces between fluid and
solid. As stated earlier, the present study aimed to optimize the inlet temperature and flow
rate of the coolant of lithium-ion batteries under different discharging rates. Therefore, the
inlet temperature and flow rate of coolant and the heat flux were the independent variables
in the numerical investigation. The mathematical descriptions of the above boundary
conditions are as follows.

The flow and thermal conditions at the Inlet of the liquid cold plate are:

ux = 0, uy = uin, uz = 0, T = Tin (2)

The pressure at the outlet of the liquid cold plate is constant and set as:

P = 0 (3)

The no-slip condition for convective surfaces can be expressed as:

ux = 0, uy = 0, uz = 0, T = Ts,−λ
dT
dn
|f = −λ

dT
dn
|s (4)
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The bottom and top walls of the liquid cold plate are heated with uniform heat flux:

− λ
dT
dn
|s = qconstant (5)

where u is velocity, T is temperature, P is pressure, λ is thermal conductivity, n indicates
the normal direction of the convective surface, and the subscripts f and s refer to fluid and
solid, respectively.

2.3. Numerical Scheme

As shown in Figure 4, the calculated domain, including the fluid and solid zones, was
discretized with the hexahedral grids using ICEM. The SIMPLE algorithm was used to
solve the pressure-velocity coupled term, and the second-order upwind finite scheme was
used to solve the momentum and energy equations. The solving process was completed
by employing CFD software ANSYS 15.0. The convergence criteria for all the governing
equations were set at 10−6. The critical parameters, including flow pressure drop, maximum
temperature, and temperature difference, were monitored during the solving process.
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To reduce the effects of grid number on the flow and heat transfer results, the grid
independence for the present study was carefully examined by solving the governing
equations for the computational domain discretized using different meshing strategies.
As shown in Figure 5, the variations of the pressure drop and the maximum temperature
difference were less than 0.1 K with the increase in grid number, and the change in the
pressure drop became weak. The pressure drop increased by only 0.38% when the number
of grids increased from 5,367,900 to 7,047,300. To reduce computational load and ensure
solving precision, the meshing, including 5,367,900 grids, was used to solve the flow and
heat transfer in the cold plates.

Energies 2022, 15, x FOR PEER REVIEW 8 of 26 
 

 

 

(b) 

Figure 4. Schematic of grids for the computational domain: (a) 3D structure; (b) sectional grids at½ 2 

height plane. 

To reduce the effects of grid number on the flow and heat transfer results, the grid 

independence for the present study was carefully examined by solving the governing 

equations for the computational domain discretized using different meshing strategies. 

As shown in Figure 5, the variations of the pressure drop and the maximum temperature 

difference were less than 0.1 K with the increase in grid number, and the change in the 

pressure drop became weak. The pressure drop increased by only 0.38% when the number 

of grids increased from 5,367,900 to 7,047,300. To reduce computational load and ensure 

solving precision, the meshing, including 5,367,900 grids, was used to solve the flow and 

heat transfer in the cold plates. 

  

(a) (b) 

Figure 5. The effects of grid number on the numerically solved results: (a) Maximum temperature 

difference; (b) Pressure drop. 

3. Optimization Method 

It is necessary to change the operating parameters of the liquid cold plate to meet the 

thermal management demands of the power battery under different discharging rates. 

The performance of the liquid cold plate changes nonlinearly with the change of key op-

erating parameters, including the flow rate, average heat generation, and inlet tempera-

ture. There will be a huge workload when using the variable-controlling approach or or-

thogonal experiment method. In addition, the improvement of heat transfer and flow 

Figure 5. The effects of grid number on the numerically solved results: (a) Maximum temperature
difference; (b) Pressure drop.

3. Optimization Method

It is necessary to change the operating parameters of the liquid cold plate to meet the
thermal management demands of the power battery under different discharging rates. The
performance of the liquid cold plate changes nonlinearly with the change of key operating
parameters, including the flow rate, average heat generation, and inlet temperature. There
will be a huge workload when using the variable-controlling approach or orthogonal experi-
ment method. In addition, the improvement of heat transfer and flow resistance is mutually
incompatible in practice. The increase in flow pressure drop may happen with the cooling
performance enhancement of the liquid cold plate. Therefore, it is difficult to achieve the
optimal value for heat transfer and flow resistance at the same time. Compromise solutions
considering different design objectives for the liquid cold plates are required.

The RSM is utilized to construct a specific functional relation to reflect the nonlinear
relationship between the input parameters and the responses. It can greatly reduce the
simulation times and shorten the design cycle. The NSGA -II is invoked to solve complex
nonlinear problems and optimize multiple objective functions simultaneously. The optimal
solution to multi-objective optimization problems can be visually displayed through the
Pareto front.

3.1. Response Surface Methodology

The RSM is a combination of mathematical and statistical methods for modeling and
analyzing results, which can effectively show the relationships between the design variables
and output responses. The RSM is applied to arrange the experimental design to obtain
the relevant experimental data, and then the multiple regression equation is obtained to
fit the functional relationship between the variables and the response. The model used to
establish the function can be expressed as follows:

y = f (X1, X2, · · · , Xk) + ε (6)
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where y represents the objective function, Xk and f represent the independent design
variables and the approximate response function, respectively, and ε is the residual error.

RSM models are empirical models based on observed data from processes or systems.
Therefore, it was necessary to determine the design sample for operating parameters in
the process of optimal design. A design of experiment (DOE) based on a popular design
method called face-centered central composite design (CCD) was adopted in the design.
The numerical simulations were performed according to the set points, including factorial
points and center points augmented by axial points in CCD.

As discussed previously, the average temperature and maximum temperature differ-
ence in the liquid cold plate and the flow pressure drop of the coolant were selected as
the optimization goals. The range of the flow rate was 0.0019–0.0249 kg·s−1, while the
inlet temperature was considered within the range of 20–30 ◦C. The design variables and
their levels are summarized in Table 1. Three levels, “−1”, “0”, and “1”, represent the
low, middle, and high levels, respectively. The software Design-Expert was utilized to
generate the design plans. The DOE and corresponding results are depicted in Table 2. The
regression model was fitted according to the sample points obtained using the numerical
simulations and the response values.

Table 1. Design variables and levels of the condition.

S/No. Design Variables
Level

−1 0 1

1 Flow rate, kg·s−1 0.0019 0.0134 0.0249
2 Average heat generation rate, W 5 35 65
3 Inlet temperature, ◦C 20 25 30

Table 2. Simulation design and corresponding results.

Variables (Code) Variables (Actual Value) Response

No.
.

m Q Tin
.

m, kg·s−1 Q, W Tin, ◦C Tave, ◦C ∆Tmax, ◦C ∆P, Pa

case1 −1 −1 −1 0.0019 5 20 23.89 3.89 30.45
case2 1 −1 −1 0.0249 5 20 20.31 0.38 1377.06
case3 −1 1 −1 0.0019 65 20 70.53 50.52 30.45
case4 1 1 −1 0.0249 65 20 23.98 4.95 1377.06
case5 −1 −1 1 0.0019 5 30 33.83 3.86 25.09
case6 1 −1 1 0.0249 5 30 30.3 0.38 1344.95
case7 −1 1 1 0.0019 65 30 80.46 50.88 25.09
case8 1 1 1 0.0249 65 30 33.93 4.98 1344.93
case9 −1 0 0 0.0019 35 25 52.17 27.29 27.77

case10 1 0 0 0.0249 35 25 27.13 2.67 1360.47
case11 0 −1 0 0.0134 5 25 25.52 0.69 448.10
case12 0 1 0 0.0134 65 25 31.83 9.05 448.10
case13 0 0 −1 0.0134 35 20 23.72 4.88 461.87
case14 0 0 1 0.0134 35 30 33.65 4.87 434.67
case15 0 0 0 0.0134 35 25 28.67 4.87 448.10

3.2. NSGA-II Algorithm

In recent years, various intelligent optimization algorithms have been proposed,
such as Multiple Objective Particle Swarm Optimization (MOPSO), Driving Training-
Based Optimization (DTBO), and Grey Wolf Optimizer (GWO), which have already been
proven to be sufficient for solving specific problems. Compared to them, the genetic
algorithm is a simple and mature analysis method. The computation is simple, and its
precision was enough for the optimization in the present study. In this study, the multi-
objective optimization was executed using a non-dominated sorting genetic algorithm II
(NSGA-II), which had the advantages of a fast running speed and good convergence of the
solution set [48]. The NSGA -II was performed to acquire the Pareto front and the optimal
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operating conditions. Compared with the weighting method, a uniformly distributed
Pareto-optimal front was obtained to avoid aggregation of solutions in a small interval as
well as local convergence.

The flowchart of the optimization procedure is shown in Figure 6. The initial combina-
tions of operating parameters were generated randomly. The objective functions obtained
by the RSM were employed in the optimization algorithm to determine the fitness functions
in the NSGA-II. Then, the genetic operators, including selection, crossover, and mutation,
were used to generate a new population. The non-dominated sorting was conducted to
rank the population members and put them into different fronts according to the values of
the fitness functions. The crowding distance was used to measure how close an individual
was to its neighbors, which was designed to avoid the accumulation of population members
over a limited distance. Large crowding distances would result in better diversity in the
population. The optimal combinations of operating parameters and the corresponding
Pareto optimal solution based on the typical discharging rates could be output when the
evolutionary iteration reached the set value. The decision maker could select the appro-
priate Pareto optimal solution in the optimization domain according to the requirements.
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It was necessary to obtain the optimal combinations of operating parameters at typical
discharging rates. Therefore, multi-objective optimization of the liquid cold plate was
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required to obtain Pareto optimal solution at different discharging rates. The multi-objective
optimization problem of the cold plate can be described as the following equations:

Minimize


Tave = f1

( .
m, Tin

)
∆Tmax = f2(

.
m, Tin) 0.0249 ≤ .

m ≤ 0.0498
∆P = f3

( .
m, Tin

)
.... 20 ≤ Tin ≤ 30

(7)

where f 1, f 2, and f 3 are the objective functions of the average temperature (Tave), the
maximum temperature difference (∆Tmax), and the pressure drop (∆P) at a specific dis-
charging rate, respectively,

.
m represents the flow rate of the working medium, and Tin is

the inlet temperature.
The GAMULTIOBJ function from MATLAB global optimization toolbox, which is

a variant of NSGA-II, was utilized. It can effectively solve the problem of premature
convergence and avoid falling into local optimum. The tuning parameters used are shown
in Table 3.

Table 3. GAMULTIOBJ function parameters.

Parameters Values

PopulationSize 1000
ParetoFraction 0.3

MaxGenerations 200
MaxStallGenerations 200

FunctionTolerance 10−10

Number of variables 2

4. Results and Discussion
4.1. Numerical Analysis

Figure 7 shows the temperature contours of the heated surface of the liquid cold plate
under various flow rates when Q = 35 W and Tin = 25 ◦C. It can be seen that the heat
transfer performance and temperature uniformity were improved with the increase in flow
rate. The maximum temperature difference and average temperature decreased by 49.57%
and 45.05%, respectively, when the flow rate increased from 0.0019 kg·s−1 to 0.0134 kg·s−1.
However, it is noted that the decreasing trend in the maximum temperature difference
slowed down with a further increase in the flow rate. It can be speculated that a further
increase in the flow rate had little effect on improving the temperature uniformity when
the flow rate exceeded a certain value. Meanwhile, it can be seen from Figure 8 that the
flow resistance of the coolant rose significantly with the increase in the flow rate. It is
clear that the further increase in flow rate accelerated the rising rate of flow pressure drop.
The pressure drop increased by 420.33 Pa when the flow rate varied from 0.0019 kg·s−1 to
0.0134 kg·s−1, whereas the rise in pressure drop is up to 912.37 Pa as the flow rate increased
from 0.0019 kg·s−1 to 0.0249 kg·s−1. Therefore, it is essential to choose the appropriate flow
rate in the working medium for the BTMS to achieve the best cooling performance and
relatively low flow resistance.

The temperature distributions for the liquid cold plate under different inlet tempera-
tures are shown in Figure 9. It is noted that the maximum temperature difference remained
around 4.9 ◦C and the average temperature increased by 41.86% when the inlet temperature
increased from 20 to 30 ◦C. This indicates that the change of inlet temperature mainly af-
fected the maximum and the average temperatures and had little effect on the temperature
uniformity of the cold plate.
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4.2. Response Surface Equations and Validations

This section establishes the regression models to obtain the fitting functions for various
optimization objectives. The analysis of variance (ANOVA) aims to examine the signifi-
cance of each term of the regression models for the prediction of optimization objectives.
According to the principle of statistics, F-value is calculated as the ratio of the source’s
mean square to the residual mean square, while the p-value is the probability of seeing the
observed F-value if there are no factor effects. The significance of one item in the regression
model can be reflected by a p-value. In the present study, one item was considered to
have had a significant impact on the response once its p-value was less than 0.05; in other
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words, the terms with a p-value greater than 0.05 were considered insignificant and could
be eliminated from the models.

Based on the experimental points (obtained by simulation results) and the response val-
ues in Table 2, the ANOVA results of the responses for the average temperature, maximum
temperature difference, and pressure drop are summarized in Tables 4–6. For the average
and maximum temperature differences, the influences of all factors and their interaction
terms were significant. The flow rate of the working medium had the most significant
effect, while the effect of the square term of average heat generation was relatively small.
For the flow resistance, the flow rate and the inlet temperature had significant effects, and
the average heat generation almost did not affect the pressure drop. The term

.
m had the

maximum F-value and the minimum p-value, demonstrating that the flow rate was the
most significant factor affecting the flow resistance of the cold plate. The ANOVA results of
the three models, after excluding insignificant terms, are presented in Tables A1–A3.

Table 4. The ANOVA for the average temperature (before elimination).

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Model 4626.93 12 385.58 3.452 × 109 <0.0001
.

m 1568.31 1 1568.31 1.404 × 1010 <0.0001
Q 19.87 1 19.87 1.779 × 108 <0.0001

Tin 49.51 1 49.51 4.433 × 108 <0.0001
.

m· Q 923.81 1 923.81 8.271 × 109 <0.0001
.

m· Tin 0.0006 1 0.0006 5484.01 <0.0001
Q·Tin 0.0002 1 0.0002 1790.70 <0.0001

.
m· .

m 331.45 1 331.45 2.968 × 109 <0.0001
Q·Q 5.682 × 10−7 1 5.682 × 10−7 5.09 0.0587

Tin·Tin 5.682 × 10−9 1 5.682 × 10−9 0.0509 0.8280
.

m· Q·Tin 0.0002 1 0.0002 1450.47 <0.0001
.

m2· Q 141.99 1 141.99 1.271 × 109 <0.0001
.

m2·Tin 8.100 × 10−6 1 8.100 × 10−6 72.52 <0.0001
.

m· Q·Q 1.000 × 10−7 1 1.000 × 10−7 0.8800 0.3844
Residual 7.818 × 10−7 8 1.117 × 10−7

Lack of fit 7.818 × 10−7 3 3.909 × 10−7

Pure error 0.0000 5 0.0000
Cor total 4626.93 19

Table 5. The ANOVA for the maximum temperature difference (before elimination).

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Model 4273.94 13 328.76 5.904 × 109 <0.0001
.

m 302.85 1 302.85 5.439 × 109 <0.0001
Q 34.94 1 34.94 6.276 × 108 <0.0001

Tin 0.0000 1 0.0000 323.27 <0.0001
.

m· Q 892.30 1 892.30 1.602 × 1010 <0.0001
.

m·Tin 0.0122 1 0.0122 2.199 × 105 <0.0001
Q·Tin 0.0215 1 0.0215 3.866 × 105 <0.0001

.
m· .

m 280.85 1 280.85 5.044 × 109 <0.0001
Q·Q 2.784 × 10−7 1 2.784 × 10−7 5.00 0.0667

Tin·Tin 2.784 × 10−7 1 2.784 × 10−7 5.00 0.0667
.

m·Q·Tin 0.0174 1 0.0174 3.123 × 105 <0.0001
.

m2·Q 120.35 1 120.35 2.161 × 109 <0.0001
.

m2·Tin 0.0038 1 0.0038 68,640.45 <0.0001
.

m·Q·Q 6.250 × 10−7 1 6.250 × 10−7 11.22 0.0154
Residual 3.341 × 10−7 6 5.568 × 10−8

Lack of fit 3.341 × 10−7 1 3.341 × 10−7

Pure error 0.0000 5 0.0000
Cor total 4273.94 19



Energies 2022, 15, 9180 15 of 24

Table 6. The ANOVA for the pressure drop (before elimination).

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Model 4.748 × 106 9 5.275 × 105 1.833 × 105 <0.0001
.

m 4.443 × 106 1 4.443 × 106 1.544 × 106 <0.0001
Q 0.0001 1 0.0001 0.0000 0.9955

Tin 1043.63 1 1043.63 362.74 <0.0001
.

m·Q 0.0001 1 0.0001 0.0000 0.9950
.

m·Tin 357.98 1 357.98 124.43 <0.0001
.

m· .
m 1.665 × 105 1 1.665 × 105 57,870.36 <0.0001

Q·Q 0.0028 1 0.0028 0.0010 0.9756
Tin·Tin 0.1196 1 0.1196 0.0416 0.8425

Residual 28.77 10 2.88
Lack of fit 28.77 5 5.75
Pure error 0.0000 5 0.0000
Cor total 4.748 × 106 19

Through the backward elimination process, the ultimate forms of regression equa-
tions of average temperature, maximum temperature difference, and pressure drop are
expressed as:

Tave = 0.12313− 0.1399
.

m + 0.9503Q + 0.9936Tin−94.9058
.

m ·Q+

0.1523
.

m · Tin + 1.6680× 10−6Q · Tin−177.3068
.

m2
+ 4.8611× 10−7Q2−

0.0026
.

m ·Q · Tin + 2379.7945
.

m2 ·Q+3.4104
.

m2 · Tin

(8)

∆Tmax = 0.0451 + 46.8433
.

m + 0.9258Q− 0.0036Tin − 88.6916
.

m ·Q−
1.7198

.
m · Tin + 0.0007Q · Tin − 1947.0156

.
m2

+ 1.1638× 10−6Q2 + 0.000013Tin
2

−0.0271
.

m ·Q · Tin + 2190.9304
.

m2 ·Q + 74.0804
.

m2 · Tin − 0.00006
.

m ·Q2
(9)

∆P = 17.6338 + 10927.0303
.

m− 0.4822Tin − 116.4686
.

m · Tin + 1865850
.

m2 (10)

where Q represents the average heat generation.
The goodness of fit of the regression models is judged by the coefficient of deter-

mination R2, namely, the ratio of the explained variance to the total variance. The C.V
(Coefficient of Variation) is calculated by dividing the standard deviation by the mean. The
R2, Radj

2, and the C.V of the regression model for the average temperature of the liquid cold
plate are 100%, 100%, and 0.0001%, respectively. The R2, Radj

2, and the C.V of the regression
model for the maximum temperature difference are 100%, 100%, and 0.0024%, respectively.
Furthermore, those of the regression models for the pressure drop are 100%, 100%, and
0.2969%, which guarantees the accuracy of the regression models established by the RSM.

Figure 10 exhibits the 3D surface plots of the interaction effects on the average tem-
perature. As can be seen from the three plots, the mass flow rate has the most significant
effect on the average temperature. The minimum average temperature corresponds to the
smallest average heat generation, the lowest inlet temperature, and the largest flow rate.

The 3D surface plots of interaction effects on the maximum temperature difference are
shown in Figure 11. It is seen that the mass flow rate, average heat generation rate, and
inlet temperature all had significant influences on the maximum temperature difference.
The maximum temperature difference increased with the increase in the average heat
generation rate at a low flow rate. With the increase in flow rate, the increase in maximum
temperature difference gradually became smaller. The results imply that better temperature
uniformity could be achieved with a larger flow rate and lower average heat generation
rate.
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Figure 12 shows the combined effects of mass flow rate and inlet temperature on
pressure drop. It can be observed that a smaller flow rate reduced the pressure drop. The
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difference in inlet temperature would lead to a difference in liquid viscosity, resulting in a
slight difference in the pressure drop.
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4.3. Optimization Results

Based on the regression models established in Section 4.2, efforts were made to op-
timize the operating conditions of the liquid cold plate for the best cooling performance
and the lowest flow resistance. It should be noted that there does not exist an operation
condition that can simultaneously minimize the maximum temperature and flow resis-
tance. The Pareto optimal solution is essentially a non-inferior solution for multi-objective
optimization that can be used to solve the above problem. As shown in Figure 13, the
Pareto optimal solutions for the maximum temperature difference, average temperature,
and pressure drop of the cold plate were obtained by NSGA-II for different discharging
rates of a lithium battery. For any specific required maximum temperature difference and
the average temperature, the generated Pareto optimal solution can provide optimal values
for the operating parameters that lead to the smallest pressure drop. It can be observed
from the figure that the pressure drop presents a downward trend with the increase in
the maximum temperature difference and average temperature, which confirms that the
improvement of cooling performance of the liquid cold plate is at the expense of an in-
creased flow pressure drop. The operating condition with low inlet temperature and flow
rate leads to a large maximum temperature difference and average temperature. Therefore,
larger pressure drops need to be overcome when a lower temperature is required for a
given liquid cold plate.

Table 7 shows the comparison of two sets of Pareto optimal solutions and the sim-
ulation results under different discharging rates. The average temperature and pressure
drop in the predicted results obtained based on the RSM and NSGA-II demonstrate a good
agreement with CFD results, with relative deviations of less than 11%. Although the values
of the maximum temperature differences are small (less than 5 ◦C), the absolute value of
the error is less than 16%.
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Table 7. Accuracy verification of Pareto optimal solution.

Discharging
Rate

Q
kg·s−1

Tin
◦C

Predicted/CFD
Results of
Tave, ◦C

Predicted/CFD
Results of
∆Tmax, ◦C

Predicted/
CFD Results

of ∆P, Pa

Error of
Tave

%

Error of
∆Tmax %

Error of
∆P
%

1.0 C
0.0156 26.86 27.09/

27.31 0.51/0.58 579.82/
582.91 −0.81 −12.07 −0.53

0.0057 28.29 30.68/
29.68 2.46/2.49 108.95/

105.79 3.37 −1.20 2.99

2.0 C
0.0163 25.33 26.03/

27.07 2.14/2.32 629.69/
628.76 −3.84 −7.88 0.15

0.0118 28.00 31.18/
29.85 3.36/3.12 356.27/

356.58 4.46 7.63 −0.09

3.0 C
0.0174 21.13 21.9/

24.44 3.86/4.37 718.26/
722.97 −10.39 −11.67 −0.65

0.0158 25.54 27.34/
29.14 4.05/4.79 593.37/

593.15 −6.18 −15.50 0.04

4.0 C
0.0199 20.00 24.08/

24.72 3.58/3.97 919.68/
920.81 −2.59 −9.82 −0.12

0.0203 20.23 23.60/
23.25 3.42/3.87 743.05/

743.85 1.51 −11.63 −0.11

Table 8 shows the variation range of the optimized objectives based on the Pareto
optimal solution. It can be seen that the pressure drop is significantly optimized, and the
maximum pressure drops under different discharging rates are less than 1000 Pa, which
means that the efficiency of the cold plate is essentially improved. The maximum average
temperature of the liquid cold plate increases with the discharging rate. The range of
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the maximum temperature change also expands. Under the same flow rate and inlet
temperature, the increased average heat generation results in an upward trend in the cold
plate temperature. Furthermore, it reveals that the Pareto optimal solution obtained by
multi-objective optimization based on NSGA-II is a solution set that weighs heat transfer
performance and flow resistance, which can be used to determine the operating parameters
according to the thermal design criteria.

Table 8. The variation range of objectives based on Pareto optimal solution.

Discharging Rate ∆Tmax, ◦C Tave, ◦C ∆P, Pa

1.0 C 0.29~3.90 20.03~33.82 24.39~966.91
2.0 C 1.11~15.66 20.07~45.40 24.44~941.94
3.0 C 2.17~31.39 20.14~60.72 24.56~940.21
4.0 C 3.43~50.92 20.22~80.22 24.53~936.84

5. Conclusions

To ensure the safety and efficiency of electric vehicles, it is necessary to improve the
thermal performance of the liquid cold plate in the battery thermal management system.
This work presented a method based on the RSM and NSGA-II to achieve the optimization
of the operating parameters with relatively low flow resistance. The proposed methods can
be used to quickly obtain the optimized operating parameters to balance the maximum
temperature, average temperature, and pressure drop of the cold plate in the BTMS. The
results can guide the design of the operating strategy for battery thermal management. The
main findings are summarized below.

(1) When the flow rate changes from 0.0019 to 0.0249 kg·s−1, the pressure drop in-
creases from 27.77 Pa to 1360.47 Pa. The average temperature increases by 9.93 ◦C when
the inlet temperature increases from 20 to 30 ◦C. Although increasing the flow rate and
decreasing the inlet temperature can improve the cooling performance of the liquid cold
plate, a flow rate greater than 0.0249 kg·s−1 has no significant effect on the temperature
uniformity of the liquid cold plate. Optimization of the BTMS operating parameters is
crucial to achieving a better overall performance for the liquid cold plate.

(2) Based on the RSM design, the regression models for the average temperature, max-
imum temperature difference, and pressure drop are obtained with coefficients of variation
(C.V) smaller than 0.3%, which guarantees the accuracy of the regression models. The
deviations in the average temperature and pressure drop between the model predictions
and CFD simulations are less than 11%.

(3) The Pareto optimal solutions were obtained by NSGA-II for the discharging rates
at 1.0 C, 2.0 C, 3.0 C, and 4.0 C. The maximum temperature differences in the cold plate
can be controlled within 0.29~3.90 ◦C, 1.11~15.66 ◦C, 2.17~31.39 ◦C, and 3.43~50.92 ◦C,
respectively. Additionally, the maximum average temperatures are within 20.03~33.82 ◦C,
20.07~45.40 ◦C, 20.14~60.72 ◦C, and 20.22~80.22 ◦C, respectively. The pressure drop is
optimized to less than 1000 Pa under various discharging rates. The proposed methods
can be used to optimize the operating parameters of the liquid cold plate according to the
thermal design criteria.
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Nomenclature

f Response function
.

m Mass flow rate (kg·s−1)
n Normal direction
P Pressure (Pa)
∆P Pressure drop (Pa)
Q Average heat generation (W)
R2 Dimensionless distance
Radj

2 Thermal resistance (K·W−1)
T Temperature (◦C)
Tave Average temperature (◦C)
Tin Inlet temperature (◦C)
Tmax Maximum temperature (◦C)
∆Tmax Maximum temperature difference (◦C)
U velocity vector (m·s−1)
u velocity (m·s−1)
Xk Design variable
x x-coordinate
y y-coordinate
z z-coordinate
Greek:
λ Thermal conductivity (W·m−1K−1)
ρ Density (kg·m−3)
ε Residual error
Subscripts:
k Number of design variables
in Inlet fluid
f Fluid
s Solid
out Outlet fluid
x x direction
y y direction
z z direction

Appendix A

Table A1. The ANOVA for the average temperature (after backward elimination).

Source Sum of Squares Degrees of Freedom Mean Square F-Value Prob. > F

Model 4626.93 11 420.63 4.273 × 109 <0.0001
.

m 1568.31 1 1568.31 1.593 × 1010 <0.0001
Q 19.87 1 19.87 2.019 × 108 <0.0001

Tin 49.51 1 49.51 5.030 × 108 <0.0001
.

m·Q 923.81 1 923.81 9.385 × 109 <0.0001
.

m·Tin 0.0006 1 0.0006 6222.22 <0.0001
Q·Tin 0.0002 1 0.0002 2031.75 <0.0001

.
m· .

m 385.68 1 385.68 3.918 × 109 <0.0001
Q·Q 6.125 × 10−7 1 6.125 × 10−7 6.22 0.0373

.
m·Q·Tin 0.0002 1 0.0002 1645.71 <0.0001

.
m2·Q 141.99 1 141.99 1.442 × 109 <0.0001
.

m2·Tin 8.100 × 10−6 1 8.100 × 10−6 82.29 <0.0001
Residual 7.875 × 10−7 8 9.844 × 10−8

Lack of fit 7.875 × 10−7 3 2.625 × 10−7

Pure error 0.0000 5 0.0000
total 4626.93 19
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Table A2. The ANOVA for the maximum temperature difference (after backward elimination).

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Model 4273.94 13 328.76 5.904 × 109 <0.0001
.

m 302.85 1 302.85 5.439 × 109 <0.0001
Q 34.94 1 34.94 6.276 × 108 <0.0001

Tin 0.0000 1 0.0000 323.27 <0.0001
.

m·Q 892.30 1 892.30 1.602 × 1010 <0.0001
.

m·Tin 0.0122 1 0.0122 2.199 × 105 <0.0001
Q·Tin 0.0215 1 0.0215 3.866 × 105 <0.0001

.
m· .

m 280.85 1 280.85 5.044 × 109 <0.0001
Q·Q 2.784 × 10−7 1 2.784 × 10−7 5.00 0.0667

Tin·Tin 2.784 × 10−7 1 2.784 × 10−7 5.00 0.0667
.

m·Q·Tin 0.0174 1 0.0174 3.123 × 105 <0.0001
.

m2·Q 120.35 1 120.35 2.161 × 109 <0.0001
.

m2·Tin 0.0038 1 0.0038 68,640.45 <0.0001
.

m·Q·Q 6.250 × 10−7 1 6.250 × 10−7 11.22 0.0154
Residual 3.341 × 10−7 6 5.568 × 10−8

Lack of fit 3.341 × 10−7 1 3.341 × 10−7

Pure error 0.0000 5 0.0000
Cor total 4273.94 19

Table A3. The ANOVA for the pressure drop (after backward elimination).

Source Sum of Squares Degrees of Freedom Mean Square F-Value Prob. > F

Model 4.748 × 106 4 1.187 × 106 6.154 × 105 <0.0001
.

m 4.443 × 106 1 4.443 × 106 2.304 × 106 <0.0001
Tin 1043.63 1 1043.63 541.13 <0.0001

.
m·Tin 357.98 1 357.98 185.62 <0.0001

.
m· .

m 3.031 × 105 1 3.031 × 105 1.571 × 105 <0.0001
Residual 28.93 15 1.93

Lack of fit 28.93 10 2.89
Pure error 0.0000 5 0.0000

total 4.748 × 106 19
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