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ABSTRACT

To ensure the optimal operating temperature of lithium-ion batteries, a novel thermoelectric-based battery
thermal management system coupled with water cooling and air cooling is proposed in this work. Also, a
hydraulic-thermal-electric multiphysics model is established to assess the system’s thermal behavior. Through
numerical simulations, the effect of different cooling parameters, including TEC (thermoelectric cooler) input
current, air convection heat transfer coefficient, and cooling water flow rate on thermal performance is
comprehensively analyzed. The results show that the introduction of thermoelectric cooling into battery thermal
management can amplify the cooling ability of traditional air cooling and water cooling, and the cooling power
and COP (coefficient of performance) of thermoelectric coolers first increase and then decrease with the increase
of input current. Under the air convection heat transfer coefficient of 50 W m? K"l, water flow rate of 0.11 m/s,
and TEC input current of 5 A, the battery thermal management system reaches the optimal thermal performance,
corresponding to the maximum temperature and temperature difference of 302.27 K and 3.63 K respectively.
However, the cooling parameters of these three factors interact with each other, and it is vital to select appro-
priate cooling parameters to balance the thermal performance and energy consumption of the battery thermal
management system. More importantly, this work provides a brand-new idea for the thermal management of
batteries.

1. Introduction

friendliness, and reliability. In particular, the lithium-ion battery-based
vehicle has become a widely adopted technological option, primarily
owing to its high energy density and long life [5,6]. On one hand,
lithium-ion batteries generally operate within the temperature range of

Due to the utilization of fossil fuels in the industry, issues such as the
energy crisis, environmental pollution, and global warming have grad-
ually escalated, leading to the transition from fuel-powered conven-
tional system to zero-emission or hybrid electric system [1].
Governments have announced plans for the future of the automotive
industry, to phase out conventional gasoline vehicles and encourage the
development of electric and hybrid vehicles [2-4]. Compared with
traditional vehicles, electric ones have gradually been recognized for
their advantages of low energy consumption, environmental
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—20°C-60 °C [7], but the heat generated during charging or discharging
can cause the temperature to increase, resulting in overheating or even
thermal runaway. On the other hand, operating the battery below 0 °C
hampers charge transfer kinetics, leading to reduced electrolyte con-
ductivity and slower diffusion of solid lithium. To preserve the normal
temperature working range of Lithium-ion batteries, the implementa-
tion of a battery thermal management system (BTMS) is imperative.
The current technical routes of the BTMS mainly include heat pipe,
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Nomenclature

Symbols

area, m?

specific heat, J-kg 1-K™!

electric field density vector, V-m™
heat transfer coefficient, W-m 1-K !

current, A

2

current density vector, A-m ™2
thermal conductivity, W-m *.K!
thermoelectric semiconductor height, m
number of thermoelectric couples
pressure, Pa

input power of TEC, W

heat generation, W

resistance, Q

temperature, K

velocity vector, m/s

absolute velocity, m/s

SHNROVT 2 TA YT m O

Greek symbols

a Seebeck coefficient, pV-K~!
o electrical conductivity, S-m™*
p density, kg-m~3

u dynamic viscosity, Pa-s

@ electrical potential, V

Subscripts

air air

ce ceramic plates

co copper electrodes

C cold end

g heat generation

H hot end

m material

n n-type thermoelectric semiconductors
p p-type thermoelectric semiconductors
pn the junction Seebeck coefficient

s energy source term

to total resistance of TEC

tec thermoelectric coolers

w water

Abbreviations

BTMS battery thermal management systems
CFD computational fluid dynamics

TEC thermoelectric coolers

phase change, air cooling, water cooling, and thermoelectric cooling-
based thermal management techniques. Among these, air cooling and
liquid cooling-based BTMS are preferred for their simplicity and
affordability, making them widely adopted. However, the temperature
uniformity of batteries is hard to be accurately adjusted. Researchers
have carried out many studies to address this issue. Kirad et al. [8]
investigated the relationship between battery spacing and cooling effi-
ciency, airflow velocity, and discharge rate; Their results demonstrate
that cooling efficiency is notably impacted by the transverse spacing,
temperature uniformity, and longitudinal spacing between cells. Fan
et al. [9] studied the air cooling performance with different battery pack
arrangements, including aligned, interleaved, and crossed structures;
Based on their findings, it was concluded that the aligned arrangement
delivers optimal cooling performance and temperature uniformity. Li
et al. [10] proposed a multi-objective optimization method to design an
efficient air-cooled system; Through comparison, the optimized system
outperformed the traditional structure. Liquid cooling, in comparison to
air cooling, proved to be more efficient and extensively employed. The
cooling efficiency of liquid cooling-based BTMS has been the subject of
numerous investigations, which have primarily focused on streamlining
flow channel structures and employing efficient working fluids and
compact channels. Menale et al. [11] tested the cooling performance of
the BTMS with different heat transfer fluids; The experimental results
indicated that the perfluoropolyether liquid can maintain the optimal
temperature range of batteries under harsh conditions. Zhou et al. [12]
developed a half-helix duct-based liquid cooling BTMS, which out-
performed the traditional jacket-based BTMS due to the small fluid
volume and no stagnant zone. Panchal et al. [13] designed a water
cooling-based BTMS using a microchannel cold plat and studied its
cooling performance through computational fluid dynamics (CFD)
methods. Du et al. [14] analyzed the effect of different cooling plate
parameters on the cooling performance of LiFePO4 bag battery packs;
They found that the battery charging process is significantly affected by
the inlet flow rate and the size of the cooling channel. However, it is
difficult to adjust the thermal uniformity of the battery both for the
liquid cooling-based or air cooling-based BTMS.

To achieve that each battery cell operates at almost the same oper-
ating temperature, researchers [15,16] proposed several new BTMS. The

heat pipe-based BTMS is a good candidate for achieving high tempera-
ture uniformity among numerous battery cells by utilizing the
isothermal heat transfer characteristics of heat pipes. Chavan et al. [15]
proposed a cylindrical BTMS that utilizes both heat pipe and liquid
cooling methods, which includes two heat dissipation systems: an active
one (cold plate) and a passive one (heat pipe); The results demonstrated
notable improvements in both cooling performance and the uniformity
of battery temperature. Ren et al. [16] designed an air cooling-based
BTMS combined with an array of U-shaped micro-heat pipes; Through
the comparison of three cooling methods, including passive air cooling
with U-shaped heat pipes, passive air cooling without U-shaped heat
pipes, and active air cooling with U-shaped heat pipes, the researchers
found that the active air cooling with U-shaped heat pipes was able to
effectively manage the increase in battery temperature while ensuring a
homogeneous temperature profile across the battery. However, the
structural configuration of heat pipes poses challenges in adapting to
different battery shapes, limiting their widespread application in BTMS.
Another effective way to enhance the temperature uniformity of battery
cells is to apply phase change materials in the BTMS, where the battery
temperature is adjusted by utilizing the latent heat released or absorbed
by solid-liquid phase change materials during the curing or liquefaction
process. Ling et al. [17] presented a hybrid thermal management system
that utilizes both forced air cooling and phase change materials for
effective temperature control in lithium-ion batteries; The results
demonstrated that the system, when coupled with forced air cooling,
efficiently controlled the battery pack’s maximum temperature below
50 °C, exhibiting a temperature difference of less than 3 °C. This
approach offers advantages such as a simple structure, excellent tem-
perature uniformity, and no extra energy consumption. Nonetheless, the
heat dissipation performance of phase change materials is compromised
by their inadequate thermal conductivity [18], rendering them unsuit-
able for high thermal production conditions encountered in batteries. To
solve this problem, high thermal conductivity substances are added to
the phase change material to improve its thermal conductivity, such as
metal foam [19-21], carbon fiber [22,23], graphite [24], and so on. In
addition, the addition of fins is also a good approach to solving the
limited thermal conductivity of phase change materials [25].
Thermoelectric refrigeration is a solid-state refrigeration technology
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that uses electrical energy directly through the Peltier effect to achieve
cooling, with the advantages of arbitrary size scaling, no vibration, high
reliability, and high-temperature control accuracy. As a new type of
BTMS, the thermoelectric-based BTMS has gradually attracted wide
attention in recent years because of its advantages of precise tempera-
ture control and fast temperature response speed. In a previous work
[26], published in ‘Nature Energy’, the authors pointed out that the
BTMS encounters a fundamental challenge of conflicting demands under
high- and low-temperature environments. At high temperatures, effi-
cient heat transfer is required to reduce the battery temperature, how-
ever, at low temperatures, efficient thermal insulation is required to
maintain the heat generated inside the battery. In this context, existing
thermal management routes based on water cooling, air cooling, phase
change materials, and heat pipe can not meet the above requirements,
while the thermoelectric-based BTMS can effectively address this chal-
lenge. Song et al. [27] developed a new BTMS for base station backup
batteries, which combines thermoelectric devices and phase change
materials; Through theoretical analysis, it has been proved that the
coupling of thermoelectric devices and phase change materials can
effectively improve the temperature uniformity and prolong the thermal
insulation process. Furthermore, Liu et al. [28] utilized fins to enhance
the performance of the BTMS coupled with thermoelectric devices and
phase change materials, and studied the influence of fin thicknesses on
thermal performance; They found that the temperature control time
exhibits a 12% extension with the increase of fins from 2 mm to 8 mm,
but at the same time, the temperature difference increased by 13.7%.
However, the current performance investigation on the
thermoelectric-based BTMS mainly depends on CFD simulations or
simple analysis, lacking systematic analysis of its performance, without
considering the multiphysics coupling characteristics. There is a lack of
accurate and systematic performance analysis about the
thermoelectric-based BTMS.

By combining the working characteristics between traditional air/
water cooling methods and thermoelectric refrigeration, this article
proposes a novel thermoelectric-based BTMS with an inner and outer
double-layer TEC structure to ensure the optimal temperature working
environment of the battery. In the proposed system, the use of TECs can
enhance the cooling capacity of air/water cooling, while conversely,
air/water cooling can ensure a low temperature differential for TECs.
Besides, a fluid-thermal-electric multi-physical field coupling model is
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established to systematically analyze the thermal behavior of the
thermoelectric-based BTMS under different parameters. This paper is
structured as follows: the first section provides an overview of recent
advancements in battery thermal management; The second section in-
troduces the structure of the proposed BTMS; The third section gives a
detailed introduction of the multiphysics model; The fourth section
conducts a thermal performance analysis of the system under different
operating conditions; Finally, the key findings are summarized in the
last section.

2. Structure of the thermoelectric-based battery thermal
management system

The proposed novel thermoelectric-based BTMS consists of five
parts: four heat sinks, 12 thermoelectric coolers (TECs), a honeycomb
framework, 12 LiFePOy4 battery cells, and a water channel, as shown in
Fig. 1. To effectively dissipate the heat on the hot side of TECs and
reduce weight, the heat sink is made of aluminum materials, and each
heat sink features 40 fins with a height of 4 mm and a thickness of 1 mm.
The TEC is composed of 127 pairs of thermoelectric semiconductors (1.4
mm X 1.4 mm x 1.6 mm), 256 copper electrodes (3.8 mm x 1.4 mm x
0.4 mm), and two ceramic plates (40 mm x 40 mm x 0.7 mm), where
thermoelectric semiconductors are connected in series by copper elec-
trodes and sandwiched between two ceramic plates. Eight TECs are
distributed on the outer side of the framework, while four TECs are
distributed on the inner side. When the current passes through the TEC,
the side where carriers accumulate will release heat (hot side), whereas
another side will absorb heat (cold side), and the cold side of TECs is
close to the battery cell. The aluminum honeycomb framework is
designed with 12 holes to place battery cells. The LiFePO4 battery cell is
designed with a height of 50 mm and a diameter of 16 mm. During the
discharging process, the battery cell will generate tremendous heat,
which is absorbed by both inner and outer TECs. In consideration of the
space limitations inside the aluminum framework, a water channel with
a diameter of 25 mm is adopted to ensure heat dissipation capacity. The
structural design with internal water cooling and external air cooling
helps to reduce the temperature difference of battery cells, while the
TEC, as a temperature controller, is conducive to achieving precise
temperature control. Detailed material properties of the thermoelectric-
based BTMS are given in Table 1, in which the thermoelectric material

Fig. 1. Architecture of the novel thermoelectric-based BTMS.
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Table 1
Material properties of the thermoelectric-based BTMS.
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Thermal conductivity(W-m~1.K™1) Electrical conductivity(S-m ')

Component Material name Seebeck coefficient(uV-K ")
heat sink and aluminum -

framework
battery cell LiFePO,4 -

238 -

x:y:z = 15.3:15.3:0.9 -

ceramic plate ceramic - 22 -

p-type semiconductors  p-type Bi;Tes —1.593 x 107°T2 + 1.364 x 10°°T 1.071 x 107572 — 8.295 x 1073T + 1.31172 - 1.364 x 10T+ 4.023 x
materials ~7.062 x 107° 2.625 10°

n-type semiconductors n-type BisTes 7.393 x 1071172 — 2,500 x 10~7T — 8.494 x 1.870 x 1075T% — 1.447 x 1072T + 0.657T2 — 7.136 x 102T + 2.463 x
materials 105 3.680 10°

copper electrodes copper 400 5.998 x 107

properties are provided by Hu et al. [29], and the thermal conductivity
of batteries is anisotropic.

3. The hydraulic-thermal-electric multiphysics model

In the traditional BTMS, its thermal performance can be obtained by
CFD simulations. However, the thermoelectric-based BTMS involves
complex multiphysics coupling phenomena, and the CFD model can not
meet the requirements of thermal prediction. For the purpose of

specific heat capacity, dynamic viscosity, pressure, thermal conductiv-
ity, and temperature of cooling water, respectively.

For the solid regions, the governing equation of the thermal field can
be expressed by the energy conservation:

V- (knVT)+ Q=0 5)

where, k;, represents the material thermal conductivity, and Qs is the
energy source term. In different components, Qs can be written as:

0O, ;battery cells
N
J? oa, (T
P Vap(T)7Tp - 03’; ) TPT-VT ; p — type thermoelectric semiconductors
P P
N
— J 2 aan T — . .
0= P van(T)TTn — 67(“ )Tn J -VT ;n — type thermoelectric semiconductors ©
72
; copper electrodes
0 ;heat sink, framework, and ceramic plates

ensuring the accuracy of numerical simulations, it is necessary to
develop a multiphysics model under the consideration of coupling
characteristics among different physical fields, including fluid flow, heat
transfer, and thermoelectric conversion.

3.1. Basic equations

In the thermoelectric-based BTMS, different components follow

different governing equations. For battery cells, the heat generation can
be expressed as [30,31]:
0, =2 W
where Qg is the heat generation per unit volume. Q represents the total
heat production power of 7.48 W. V represents the volume of a battery
cell.

For cooling water, the hydraulic field can be described by the CFD
theory. Besides, through a simple calculation, the Reynold number of the
water flow is lower than 2300, and thus a laminar model is selected to
simulate the fluid flow. Transport equations for the hydraulic field
include [32]:

V- (p,¥)=0 @)
Ve(p,VV)= = Vp+Vu(VV+VVT)] 3
= (PWCPW7TW) -V- (kaTw) =0 (4)

where, p,,, V, Cbw, §t, D, ky and T,, are the density, velocity vector,

where @ and ¢ are the Seebeck coefficient and the electrical conductivity

of thermoelectric materials respectively. J is the current density vector.
Subscripts p, n, and co represent p-type thermoelectric semiconductors,
n-type thermoelectric semiconductors, and copper electrodes,
respectively.

The components involved in current flow also follow governing
equations of the electric field, which can be described by Ref. [33]:

T:Umf 7)
E = — Vo + ay(T)VT ®)
v.-7=0 )

where ¢ and E represent the electric potential and the electric field
density vector, respectively.

The hydraulic-thermal-electric multiphysics model could be char-
acterized by Egs (1)-(9). When combined with suitable boundary con-
ditions, the model is able to be computed using numerical discretization
methods. The numerical simulations in this work are carried out using
the finite element method on the COMSOL platform.

3.2. Boundary conditions

This work primarily aims to study the thermal behavior of the novel
thermoelectric-based BTMS under various operating conditions,
including the convective heat transfer coefficient of cooling air, the flow
speed of cooling water, and the TEC input current. The convective heat



D. Luo et al.

transfer coefficient is defined on the contact surfaces between the heat
sink and surroundings, which can be described by the following
boundary condition:

oT
*ka—haar(Taar =7) (10)
where, hyi; is the convective heat transfer coefficient of cooling air, and
Tair = 293.15 K is the air temperature. The value of hy;; is referred from
Ref. [34], with a range from 10 to 90 W m 2K

For the flow speed of cooling water, the inlet velocity boundary
condition is defined on the inlet surface of the water channel, and the
water temperature is set as 293.15 K. The flow rate of the cooling water
is set to vary from 0 to 0.5 m s~ ..

Besides, a current input boundary condition is defined on the posi-
tive pole of TECs, while the negative pole is set to be grounded.
Considering that the cooling performance of the TEC is sensitive to its
current input, the influence of current input on the thermal behavior of
the BTMS is comprehensively investigated in the following sections.

3.3. Parameter definition

For the BTMS, maximum temperature (Tpax) and temperature dif-
ference (AT) are two key indexes to evaluate its thermal performance.
Herein, Ty is defined as the maximum temperature of all battery cells,
and AT is calculated as the temperature difference between the highest
and lowest temperatures among all battery cells.

Besides, cooling power (Qc) and coefficient of performance (COP)
are two key indexes to estimate the cooling performance of the TEC, so
as to study the application potential of the TEC in the field of thermal
management. Q¢ is determined by the heat absorption on the cold side of
the TEC [35], which can be expressed as:

1
Oc =Nap,ITc — EIZR“’ — kiec AT 1D
with
Qpn =0 — Ay 12)
A n Aco Ace
ke = N (ky + ko) T2% 4 256keo = + 2o (13)
lp/n lco lcc
l n
R‘O:N<i+i> S as)
Op On) Apn

where, ap, is the Seebeck coefficient of the thermoelectric couple, I
represents the current passing through the TEC, R, represents the total
electrical resistance of thermoelectric semiconductors, ke, represents
the thermal conduction of the whole TEC, and AT = Ty - T¢ represents
the temperature difference between the hot-side temperature (Ty) and
the cold-side one (T¢) of the TEC.

In the case of active cooling, the heat of the TEC is released on its hot
side, which can be expressed as:

1
O =NatpI Ty + SR = kicc AT (15)

Therefore, the input power of the TEC can be obtained by:
P=Qu — Qc = IRy + Nap,IAT (16)

Then, the COP is defined as the ratio of heat absorbed by the cold side
of the TEC to the input power, which can be given by:

cop— ¢ _ NawlTe —iPRo — keeAT

17
P PR + Nap IAT an
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3.4. Grid independence analysis

Excessive grid size can lead to substantial computational time sav-
ings but at the cost of sacrificing model accuracy, and conversely,
reducing the grid size can improve accuracy but increase computational
time. Therefore, it is crucial to select a reasonable grid size before
conducting simulations in order to strike a balance between accuracy
and computational time. To investigate the impact of grid parameters on
the thermal performance of the BTMS, simulations are conducted using
three different grid systems: Grid I, Grid II, and Grid III with 171023,
229532, and 328082 grids. The maximum temperatures (Tpyax) for Grid
I, Grid II, and Grid III are 308.64 K, 310.11 K, and 310.18 K, respec-
tively. As the number of grids increases, the grid uncertainty gradually
decreases. The relative uncertainty between Grid II and Grid III is
decreased to within 0.07 K. As a result, all subsequent simulations are
carried out using Grid II. The detailed configuration of Grid II for the
BTMS is shown in Fig. 2.

3.5. Model validation

While the BTMS prototype is currently in the process of being
manufactured, it is expected to be a time-consuming endeavor. Conse-
quently, we adopt the experimental data from the previously published
literature to validate the model in this work. The structure of the BTMS
that combines TECs and heat pipes in Ref. [36] is built and numerically
simulated using the developed steady-state hydraulic-thermal-electric
multiphysics model. Fig. 3 illustrates the comparison of the maximum
temperature difference between the experimental data in Ref. [36] and
the simulation results in this work. Notably, the simulation results
closely match the experimental data, exhibiting a maximum error of
around 7%, thus endorsing the credibility and validity of the forth-
coming simulation results to some extent.

4. Results and discussion
4.1. Effect of TEC input current on the cooling performance

Before assessing the thermal behavior of the BTMS, it is necessary to
determine an appropriate input current range for the TEC, as a small
current can not ensure sufficient cooling effectiveness, while a large
current may fail to provide a cooling capacity. Therefore, numerical
simulations for a single TEC are conducted under different input cur-
rents (I) and temperature conditions, where the temperature difference
is set to vary from 0 K to 20 K every 5 K at a fixed cold-side temperature
of 300 K. Fig. 4 shows simulation results of the TEC at a temperature
difference of 0 K and I = 5 A. Detailed boundary conditions for a single
TEC are depicted in Fig. 4(a). Driven by the current, holes of p-type
thermoelectric semiconductors (shown as red in the picture) and elec-
trons of n-type thermoelectric semiconductors (shown as blue in the
picture) will move from the bottom to the top, and then the top side will
release heat due to the accumulation of carriers, while the bottom side
will absorb heat. On this basis, the TEC can be used as a cooler to control
the temperature of electronics. Fig. 4(b) shows the temperature distri-
bution of the TEC. It is observable that even with a temperature differ-
ence of 0 K on both sides, the temperature exhibits a variation from
298.53 K to 325.85 K due to the generation of Peltier heat, Joule heat,
and Thomson heat. Fig. 4(c) and (d) present the voltage distribution and
current density distribution of the TEC, respectively. Along the current
direction, the electric potential of the TEC continuously increases with
the series connection of thermoelectric semiconductors.

Fig. 5 indicates the cooling performance of the TEC at different input
currents and temperature differences. As the input current increases, the
cooling power first increases and then decreases, and reaches its
maximum value when I = 5 A, as shown in Fig. 5(a). According to Eq.
(11), when the input current remains at a low level, the Peltier heat
dominates, causing the TEC cooling power to increase with the increase
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Fig. 2. Details of grid II for the BTMS.

Fig. 3. Comparison of the maximum temperature difference between numeri-
cal results and experimental results. (Note: AAC for active air cooling, PAC for
passive air cooling, MHPA for micro heat pipe array, and NMHPA for
none MHPA).

in current. However, when the current reaches a relatively high level,
the Joule heat rapidly increases, leading to a decrease in TEC cooling
power with the further increase in current. When the current approaches
5 A, the cooling power reaches its maximum. It is worth noting that for
TECs with different thermoelectric parameters, the optimal current
varies. Also, cooling power decreases with the increase in temperature
difference since the TEC needs to overcome its thermal resistance to
provide cooling power. This phenomenon can also explain the corre-
sponding changes in COP in Fig. 5(b). Differently, when the input cur-
rent is relatively small, the COP can reach a relatively high value,
especially when the temperature difference is lower than 10 K. Although
the cooling power of the TEC may reach its maximum at 5 A, its COP
may be relatively small. Considering both cooling power and COP, an
input current range of 1-5 A is suggested, and the influence of input

current on the thermal behavior of the BTMS is comprehensively
investigated in the following sections.

4.2. Temperature distributions of the BTMS at different TEC input
currents

Fig. 6 gives the temperature distribution of the BTMS atI=1 A, 3 A,
and 5 A. Here, the air convection heat transfer coefficient and flow speed
of cooling water are set as 90 W m™2 K~! and 0.11 m s}, respectively.
WhenI=1A, 3 A, and 5 A, the maximum temperatures of batteries are
309.89 K, 307.12 K, and 304.69 K, respectively. Compared with a
traditional BTMS, in the proposed novel thermoelectric-based BTMS,
TECs are used between batteries and cooling devices to further improve
the cooling performance of water cooling and air cooling. It can be
observed that the temperature of the water channel in the center of the
BTMS is lower than that of the heat sink around the BTMS. In general,
water cooling outperforms air cooling in reducing the battery temper-
ature, and thus, 4 TECs are arranged on the water channel, while 8 TECs
are arranged on the heat sink, to balance the difference in heat dissi-
pation ability between water cooling and air cooling. Consequently, the
maximum temperature and temperature difference of batteries could be
effectively decreased by increasing the TEC input current.

4.3. Influence of air cooling and TEC input current on the cooling
performance of the system

Improving the air convection heat transfer coefficient is able to
effectively enhance the cooling performance of heat sinks, but as it
further increases, the required energy consumption is higher and the
benefits are decreasing. In this case, the use of TECs can address the issue
of weakened refrigeration performance and high energy consumption
under high heat transfer coefficient conditions with air cooling. There-
fore, the influence of air convection heat transfer coefficient on the TEC
performance is comprehensively investigated, as shown in Fig. 7.
Similarly, as the TEC input current increases, the cooling power (Qc) of
the TEC increases (Fig. 7(a)), while the COP decreases (Fig. 7(b)). Be-
sides, a higher convection heat transfer coefficient is conducive to
improving the Q¢ and COP, because the heat accumulated on the hot
side of the TEC is effectively dissipated by heat sinks with a higher hy;,,
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Fig. 4. Numerical simulation results of a single TEC at a temperature difference of 0 K and an input current of 5 A. (a) Finite element model; (b) Temperature
distribution; (c) Voltage distribution; (d) Current density distribution.

Fig. 5. Cooling performance of the TEC at different input currents and temperature differences. (a) Cooling power Qc; (b) COP.

Fig. 6. Temperature distribution characteristics of the BTMS at I =1 A, 3 A, and 5 A.
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Fig. 7. The effect of air convection heat transfer coefficient on the TEC cooling performance.

Fig. 8. Maximum temperature and temperature difference of batteries as a function of current at different air convection heat transfer coefficients. (a) Maximum

temperature; (b) Temperature difference.

and the temperature difference on both sides of the TEC decreases. Ac-
cording to Fig. 5, a lower temperature difference is beneficial to improve
the TEC cooling performance. However, when hy;, reaches a relatively
high value, its impact on TEC cooling performance weakens. Consid-
ering the large energy consumption and low benefits of cooling perfor-
mance improvement, the convection heat transfer coefficient is
suggested to be lower than 50 W m2KL Accordingly, when h,j; is
higher than 50 W m~2 K™, it is not recommended to further improve air
cooling performance instead of using a higher TEC input current.

Fig. 8 shows the maximum temperature and temperature difference
of batteries as a function of current at different air convection heat
transfer coefficients. When the TEC input current increases, both the
maximum temperature and temperature difference of batteries decrease,
because of the increased cooling power produced by TECs. Also, an in-
crease in the air convection heat transfer coefficient is helpful to
improve the thermal performance of batteries. On the one hand, the
increase in hyj; can directly lower the temperature of the whole BTMS.
On the other hand, the temperature difference on both sides of TECs also
decreases, thereby enhancing the cooling performance of the TEC.
Compared with the BTMS at hy;; = 10 W m2K'landI=1A4, its
maximum temperature and temperature difference at hy;; = 90 W m 2
K !and I = 5 A are decreased by 2.34% and 38.33%, respectively.

However, with the increase of air convection heat transfer coefficient,
the improvement of BTMS cooling performance gradually weakens, as
shown in Fig. 9, while at the same time, accompanied by a significant
increase in energy consumption. When hyj, is higher than 50 Wm 2K},
the effect on the temperature of the entire BTMS is insignificant, and as
hair increases from 50 Wm 2 K~! to 90 W m 2 K, the temperature of
the BTMS only decreases slightly. Therefore, the combination of air
cooling and TECs can effectively reduce the maximum temperature and
temperature difference of batteries. At the same time, the use of TEC in
the battery system can reduce the dependence on air cooling, and the air
convection heat transfer coefficient of below 50 W m™2 K~! already
meets the requirements, thereby reducing the energy consumption of
the heat sink.

Fig. 10 illustrates temperature distributions (xz-axis cross-section) of
a single cell at different air convection heat transfer coefficients, with a
TEC input current of 1 A and a water flow speed of 0.11 m/s. The left
side of the battery cross-section is close to the outer 8 TECs, while the
right side is close to the inner 4 TECs. When h,i; = 90 W m 2K, the
battery temperature on the left side is obviously higher than that on the
right side. This is attributed to the fact that water cooling outperforms
air cooling at this time, and the temperature difference between the two
ends of the internal TEC is lower than that of the external TEC, thus
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Fig. 9. Temperature distributions throughout the structure of the BTMS at different air convection heat transfer coefficients.

Fig. 10. Temperature distributions of a single battery cell in the xz-axis cross-section.
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Fig. 11. Effect of different flow speeds of cooling water on the thermal performance of the BTMS. (a) Effect of water flow speed on the maximum temperature of
batteries; (b) Temperature distributions of batteries at different water flow speeds.

providing a higher cooling power. Additionally, as the air convection
heat transfer coefficient increases, the battery temperature on the left
side gradually approaches and equals the battery temperature on the
right side, because the cooling performance of the outer 8 TECs also
improves. This phenomenon highlights the advantages of the proposed
thermoelectric-based BTMS in minimizing the temperature difference of
batteries.

4.4. Influence of water cooling and TEC input current on the cooling
performance of the system

Similarly, the flow speed of cooling water has a significant influence

on the cooling performance of the internal 4 TECs. Fig. 11 shows the
effect of different flow speeds of cooling water on the thermal perfor-
mance of the BTMS. Here, the air convection heat transfer coefficient is
fixed at 50 W m~2 K~! according to the above analysis. According to
Fig. 11(a), the maximum temperature of batteries decreases with the
increase in water flow speed, especially when the water flow speed is at
a relatively low value. With a further increase in water flow speed, its
influence on the maximum temperature diminishes, which is consistent
with the trend of air convection heat transfer coefficient in Fig. 8. In
addition, the greater the TEC input current is, the lower the maximum
temperature of batteries will be. Detailed temperature distributions of
batteries at different water flow speeds are presented in Fig. 11(b),

Fig. 12. Temperature distributions of the entire BTMS at different water flow speeds from 0.02 m/s to 0.11 m/s.
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where the TEC input current is set to be 1 A. As can be observed, when
the water flow speed is larger than 0.11 m/s, the changes have negligible
impact on the maximum temperature and temperature difference of
batteries. When the water flow speed is lower than 0.11 m/s, a minimum
flow rate limitation needs to be determined.

Fig. 12 shows temperature distributions of the entire BTMS at
different water flow speeds from 0.02 m/s to 0.11 m/s. It is evident that
for a water flow speed of 0.02 m/s, the maximum battery temperature of
313 K may exceed the optimal temperature range of lithium-ion batte-
ries (from 273 K to 313 K). Therefore, a water flow speed range from
0.02 m/s to 0.11 m/s is suggested for the given thermoelectric-based
BTMS. However, only the minimum TEC input current of 1 A and the
medium air convection heat transfer coefficient of 50 W m 2 K~! are
used herein to explore the optimal water flow speed. The fluctuations of
the TEC input current and air convection heat transfer coefficient may
result in a different optimal range of water flow speed.

Fig. 13 shows the maximum temperature and temperature difference
of batteries under different working conditions. Here, two extreme air
convection heat transfer coefficients of 10 and 90 W m~2 K ! are
selected to analyze its sensitivity to water cooling parameters. At a TEC
input current of 1 A and hyj = 90 W m 2K, the maximum tempera-
tures for cooling water free, flow speed of 0.02 m/s and 0.11 m/s are
335.51 K, 311.28 K, and 304.88 K, respectively, as shown in Fig. 13(a).
Consequently, water cooling is indispensable for reducing battery tem-
perature, even if the air cooling and TEC cooling reach the maximum
level. Besides, at a water flow speed of 0.11 m/s, the temperature dif-
ference of batteries is significantly lower than that observed at a flow

Renewable Energy 224 (2024) 120193

rate of 0.02 m/s, as shown in Fig. 13(b). However, in the situation of
water cooling free, the temperature difference decreases first and then
increases as the increase of TEC input current. This phenomenon occurs
because, at lower TEC input currents, the cooling power increases pro-
portionally with the current. Nevertheless, when the current is further
increased, the generated heat on the hot side of TECs can not be dissi-
pated by cooling water, resulting in a degradation of the cooling per-
formance and a decrease in the temperature difference.

Fig. 13(c) shows the corresponding maximum temperature of bat-
teries at huir = 10 W m~2 KL, It seems that as the TEC input current
increases, the maximum temperature only maintains a small change.
Under the conditions of minimum cooling input of hyjy = 10 W m2Kl,
TEC input current of 1 A, and water flow speed of 0.02 m/s, the
maximum temperature reaches 319.14 K, exceeding the optimal tem-
perature of 313 K, but when the water flow speed is increased to 0.11 m/
s, the maximum temperature drops to 308.06 K. Regarding the tem-
perature difference of batteries, the variation trend in Fig. 13(d) aligns
with that in Fig. 13(b), but when the water flow speed is 0.02 m/s, the
temperature difference has already exceeded the optimal value of 5 K,
whereas 0.11 m/s meets the requirement.

Above all, a certain range of air cooling and water cooling is crucial
to ensure the optimal operating temperature of the proposed BTMS.
Considering the low influence on cooling performance and high energy
consumption, it is not recommended to set excessively high air con-
vection heat transfer coefficients and water flow speed, instead, ranges
of hajyy =10 W m 2K 'to50 Wm 2K ! and 0.02 m/s to 0.11 m/s are
suggested. Under the minimum cooling input (10 Wm 2K}, 0.02 m/s,

Fig. 13. Effects of different working conditions on the maximum temperature and temperature difference of the battery. (a) Maximum temperature at h,;, = 90 W
m2K%; (b) Temperature difference at h,; = 90 W m 2K~} (¢) Maximum temperature at hy;; = 10 W m2K% (d) Temperature difference at h,;; = 10 W m2KL
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and 1A), the maximum temperature and temperature difference of
batteries are 319.14 K and 6.40 K respectively, slightly exceeding the
optimal operating temperatures of lithium-ion batteries (maximum
temperature of 313 K [37] and temperature difference of 5 K [7]), while
those decrease to 302.27 K and 3.63 K respectively under the maximum
cooling input (50 W m™2 K™, 0.11 m/s, and 5 A). In real applications,
precise control of battery temperature can be achieved by adjusting the
air cooling, water cooling, and TEC input current. At the same time,
energy consumption should be considered to ultimately determine the
corresponding inputs of different cooling parameters.

5. Conclusions

In the present work, a novel thermoelectric-based BTMS coupled
with water cooling and air cooling is proposed to improve the thermal
behavior of batteries. Besides, a hydraulic-thermal-electric multiphysics
model for the BTMS is established to assess its behavior under different
cooling parameters, including TEC input current, air convection heat
transfer coefficient, and flow speed of cooling water. According to the
numerical results, the key findings can be summarized as follows:

(1) The introduction of TECs into the BTMS can effectively improve
the thermal behavior of batteries. Both the maximum tempera-
ture and temperature difference of batteries significantly
decrease with the increase of TEC input current. The cooling
performance of TECs first increases and then decreases with the
increase of input current, reaching its maximum value when the
current is 5 A. Additionally, the temperature difference across the
TEC adversely affects its cooling performance.

The maximum temperature and temperature difference of bat-
teries decrease with an increase in air convection heat transfer
coefficient, and the use of TECs between the heat sink and bat-
teries can further amplify the cooling effect of air cooling. How-
ever, when the air convection heat transfer coefficient exceeds 50
W m 2K}, its impact on the thermal performance of the BTMS
weakens, while the energy consumption increases.

The battery temperature exhibits a decrease as the water flow
rate increases, indicating that higher water flow rates improve
the cooling performance of the TEC. However, the rate of tem-
perature reduction diminishes as the flow rates continue to rise.
Moreover, water cooling is crucial for reducing the battery tem-
perature since even a relatively small flow rate of cooling water
can significantly improve the cooling ability of TECs by reducing
their thermal resistance, thereby improving the thermal perfor-
mance of the BTMS

Herein, the ranges of 10 W m 2K 'to50 Wm 2K "%, 0.02 m/s to
0.11 m/s, and 1 A to 5A are suggested for air cooling, water
cooling, and TEC input current, respectively. To ensure optimal
performance of the proposed BTMS, the cooling parameters of 50
Wm 2K, 0.11 m/s, and 5 A are suggested, corresponding to
the maximum temperature and temperature difference of 302.27
K and 3.63 K, respectively. However, the cooling parameters of
these three factors interact with each other. If they are all at their
minimum values, the battery temperature will slightly exceed the
optimal value. Therefore, it is vital to select appropriate cooling
parameters within these ranges to balance the thermal perfor-
mance and energy consumption of the BTMS.

It is essential to develop appropriate control strategies to simul-
taneously adjust the parameters of TEC input current, air cooling,
and water cooling, in order to improve the thermal performance
of the BTMS while reducing energy consumption. However, this
control strategy is complicated and will be studied in future
works.
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