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A B S T R A C T

This work introduces a battery thermal management system (BTMS) which combines thermoelectric coolers 
(TECs) and vapor chambers (VCs) to realize effective temperature regulation for batteries operating under high 
discharge rates. Additionally, a thermal-electric coupling model is developed to study the influence of various 
parameters on the system’s thermal performance, including TEC input current, thermoelectric leg height, and air 
cooling coefficient. It is revealed that while TECs with shorter leg heights yield higher coefficient of performance 
(COP) and cooling power, they are limited by their capacity to withstand lower temperature differences. With the 
elevation of TEC input current, the maximum temperature of batteries first drops and then augments, while the 
variation trend for the temperature difference remains opposite. Through detailed analysis, the optimal operating 
conditions are determined to be an input current of 3 A, a leg height of 1.4 mm, and an air cooling coefficient of 
50 W/(m2⋅K). Under these conditions, the BTMS achieves a maximum battery temperature of 300.94 K and a 
temperature difference of 4.78 K. In comparison to a BTMS without TECs, the use of TECs reduces the maximum 
battery temperature by 13.58 K, with only a slight increase of 0.29 K in temperature difference. This research 
offers a fresh perspective on the practical application of TECs in thermal management systems, highlighting their 
potential for enhancing battery performance under demanding conditions.

Nomenclature σ electrical conductivity, S/m
Symbols Subscripts

b battery
C specific heat, J/(kg⋅K) c cold side
E→ electric field density vector, V/ 

m2
co copper electrodes

h heat transfer coefficient, W/ 
(m2⋅K)

h hot side

H height, mm in input
I current, A m material
J→ current density vector, A/m2 n n-type legs
k thermal conductivity, W/(m⋅K) p p-type legs
P power, W Abbreviations
Q heat or volumetric heat, W or 

W/m3

R resistance, Ω BTMS battery thermal management 
system

T temperature, K COP coefficient of performance
V volume, m3 HP heat pipe

(continued on next column)

(continued )

Greek symbols LFP lithium iron phosphate
LIB lithium-ion battery

α seebeck coefficient, μV/K PCM phase change material
λ thermal conduction, W/K TEC thermoelectric cooler
ϕ electrical potential, V VC vapor chamber

1. Introduction

The wide adoption of new energy vehicles holds crucial significance 
in alleviating the energy crisis and environmental degradation resulting 
from the extensive use of traditional fuels [1]. Serving as the primary 
energy storage unit for new energy vehicles, lithium-ion batteries (LIBs) 
exhibit notable advantages, including high energy density, efficiency, 
and extended cycle life [2–4]. Nevertheless, LIBs emit a substantial 
amount of heat during their operation, and insufficient heat dissipation 
may result in heat accumulation within the battery pack, potentially 
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compromising the battery lifespan, or even causing explosions [5]. As 
illustrated in Fig. 1, the charging performance of the LIB remains nearly 
unaffected within the temperature range of 293.15 K–313.15 K [6,7]. 
However, when the temperature falls below 293.15 K, both the charging 
and discharging capabilities of the cell experience a significant decline. 
This degradation is primarily due to the sharp increase in internal 
resistance at low temperatures, which severely limits the charge/di-
scharge capacity of the LIB [8]. Furthermore, thermal uni-
formity—defined as the consistency of temperature distribution among 
individual batteries within a battery pack—is also a key factor influ-
encing the performance of LIBs [9]. Non-uniform temperature distri-
butions can lead to imbalanced electrochemical reactions, accelerated 
aging, and reduced overall system efficiency [10]. It has been reported 
that the maximum temperature difference within a battery pack should 
be limited to below 5 K to ensure balanced performance and minimize 
degradation risks [11,12]. Consequently, a favorable battery thermal 
management system (BTMS) is crucial to ensure that the operating 
temperature of LIBs within an efficient range, which not only prolongs 
battery cycle life but also mitigates the risk of thermal runaway [13].

Air-based BTMS, phase change material (PCM)-based BTMS, liquid- 
based BTMS, and heat pipe (HP)-based BTMS are four major cate-
gories within the mainstream BTMS [14]. The advantages, disadvan-
tages, limitations, and typical thermal conductivity ranges of four 
representative BTMS are summarized in Table 1 [15–17]. Generally, air 
cooling remains the preferred cooling technology because of its low 
price and simple structure. However, the low thermal conductivity and 
specific heat of air cooling restrict its heat dissipation efficiency [18]. 
Therefore, enhancing the heat transfer of the air-based BTMS is an 
important focus for future research in this system [19]. In comparison of 
air cooling method, liquid-based BTMS offers superior heat transfer 
performance [20]. However, liquid cooling also has drawbacks, 
including a more complex structure, increased system weight, risk of 
leakage, and poor temperature uniformity [21]. Unlike the aforemen-
tioned two active cooling methods, the PCM-based cooling method is a 
passive one that utilizes the latent heat of PCMs to dissipate the heat 
generated by battery cells [22]. This reduces energy consumption and 
ensures uniform thermal distribution. Nevertheless, the low thermal 
conductivity of PCMs significantly impacts cooling efficiency and limits 
their widespread commercial use [23]. In addition, as an auxiliary sys-
tem, the BTMS must not only meet the fundamental requirements of 
thermal management but also exhibit superior safety, rapid response, 
lightweight design, compact structure, and ease of maintenance [24].

On the basis of the liquid-gas phase transition, HPs exhibit charac-
teristics of small volume and lightweight, which can be manufactured in 
various shapes based on available space and have no maintenance cost 
[25]. Besides, HPs possess an exceptionally high thermal conductivity, 
marking them as a promising cooling method. Tran et al. [26] performed 
a comparative study of the thermal performance of a flat plate HP 
cooling system and a traditional radiator under different positions and 

conditions; Their findings demonstrated that incorporating HPs can 
lower the thermal resistance of a conventional heat sink by 20 % under 
low airflow cooling and by 30 % under natural convection, and it is not 
feasible to maintain the temperature of batteries below 323.15 K solely 
through the use of radiators. Jouhara et al. [27] developed a BTMS based 
on flat HPs to improve temperature uniformity during high discharge 
rate operation and studied its performance using an experimentally 
verified model; Simulations indicated that the utilization of flat HPs not 
only effectively lowers the peak temperature and temperature difference 
but also minimizes the associated energy consumption. In contrast to 
liquid cooling and air cooling techniques, the HP-based one improved 
the heat dissipation and thermal uniformity of batteries. Ye et al. [28] 
developed a composite BTMS integrated with HPs and proposed various 
air-cooling strategies; They reported that the integration of HP cooling 
and air cooling is infeasible for managing battery temperature at a high 
discharge rate, primarily because of the performance limitation of air 
cooling on the condensation side of HPs. The literature indicates that 
HPs, with their high thermal conductivity, are effective in reducing 
battery temperature and improving temperature uniformity. Moreover, 
the passive cooling nature of HPs helps lower energy costs. However, the 
selection of active cooling methods for the condensation side of the HP 
significantly influences its overall performance.

Thermoelectric refrigeration, as a novel cooling approach, has 
attracted significant attention in recent years. As a solid-state system, 
thermoelectric cooling offers rapid response, precise temperature con-
trol, and no refrigerant pollution [29]. With the rapid advancement of 
thermoelectric technology, an increasing number of thermoelectric de-
vices are being integrated into various applications, including re-
frigerators [30], air conditioners [31], and battery thermal management 
[32]. TECs can achieve near-instantaneous response times (milliseconds 
to seconds) due to the absence of moving parts [33], outperforming 
passive systems such as PCMs, which rely on relatively slow phase 
change processes, as well as liquid cooling systems, whose response 
times are constrained by pump startup delays and fluid flow iner-
tia—typically ranging from several seconds to tens of seconds. 
Compared to passive thermal management components such as PCM 
and VCs, which dissipate heat without external energy input, TECs 
typically exhibit a relatively low coefficient of performance (COP), 
usually around 0.5. Integrating TECs with highly conductive passive 
elements like VCs helps mitigate this efficiency limitation by enhancing 
overall system-level thermal performance. Moreover, unlike traditional 
cooling methods, TECs uniquely offer the capability to provide both 
cooling and heating by adjusting their input current, a distinct advan-
tage that is particularly beneficial for LIBs operating under varying 
environmental conditions in electric vehicles. Suh et al. [34] employed 
thermoelectric coolers (TECs) in a BTMS, demonstrating the feasibility 
of such devices through experiments and simulations; They found that 
TECs can realize the thermal dissipation of the BTMS with a relatively 
small input of electrical energy, and the rapid response of TECs enhances 

Fig. 1. Effect of battery temperature on performance.
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the thermal performance of batteries. Song et al. [35] disclosed a BTMS 
incorporating TECs and PCMs and performed a simulation analysis on 
the thermal performance at various charge-discharge rates; Their find-
ings indicated that the battery temperature could reach the required 
standards, regardless of whether it is in a high temperature or severely 
cold environment. Pakrouh et al. [36] designed a 
liquid-cooled-TEC-PCM hybrid system, where PCMs are utilized to 
regulate the hot-side temperature of TECs; Their findings indicated that 
the improvement of coefficient of performance (COP) is closely related 
with the water flow rate and the usage of TECs. From the above, TECs 
can achieve efficient heat dissipation with a small input current. Their 
ability to achieve precise temperature control and fast thermal response 
renders them highly effective in overcoming the thermal management 
challenges of battery systems.

With the advancement of fast charging technology and the increasing 
demand for high energy density batteries, a great amount of heat may be 
generated within a short period during battery operation. An effective 
BTMS is urgently needed to dissipate heat during the fast discharging 
and charging process of batteries to prevent the battery from over-
heating. Accordingly, this work presents a novel BTMS that integrates 
VCs and TECs and establishes a comprehensive thermal-electric coupled 
model to evaluate its performance. Unlike previous studies that typically 
focus on single-component systems (e.g., TECs or VCs alone), this study 
systematically investigates the synergistic interactions between TECs 
and VCs under extreme 5 C high-rate discharge conditions. The inte-
gration of TECs and VCs leverages the complementary strengths of both 
technologies: VCs serve as highly thermal conductive passive heat 

spreaders, rapidly distributing localized heat and mitigating tempera-
ture gradients within the battery pack, while TECs provide precise and 
efficient active cooling by modulating heat removal based on thermal 
demand. This synergistic combination enables superior temperature 
control, reduced thermal gradients, and enhanced energy efficiency 
compared to systems using TECs or VCs alone. Moreover, considering 
that the TEC parameters highly influence the system’s thermal perfor-
mance, the influence of different parameters (e.g., input current, leg 
height, and air-side heat transfer coefficient) on the highest temperature 
and temperature difference of the BTMS is comprehensively investi-
gated. A detailed parametric analysis reveals the nonlinear coupling 
effects of these factors, providing practical guidelines for TEC-VC system 
design. Meanwhile, the optimal operating conditions for the TEC are 
suggested based on the trade-offs between cooling power and energy 
efficiency. Ultimately, to emphasize the effectiveness of the TEC, two 
cases are proposed and contrasted: a BTMS with VCs and TECs (BTMS- 
VC&TEC) and a BTMS with only VCs (BTMS-VC).

2. Structure of the BTMS

The presented BTMS with TECs and VCs consists of four main com-
ponents: a finned heat sink, four TECs, four VCs, and a battery pack, as 
depicted in Fig. 2. The VCs adopt a U-shaped configuration [37] and are 
categorized into two groups: short VC and long VC. The battery pack 
consists of three 12 A h square-shaped Lithium Iron Phosphate (LFP) 
battery cells [32] with a size of 90 mm × 70 mm × 27 mm. To achieve an 
effective reduction in battery temperature, each of the three battery cells 

Table 1 
Comparison of common BTMS methods with respect to thermal efficiency, complexity, safety, and thermal conductivity [15–17].

BTMS 
Method

Thermal 
Efficiency

System 
Complexity

Safety Thermal Conductivity Range 
(W/m⋅K)

Advantages Disadvantages

Air Cooling Low Low High ~0.025 Simple design, low cost, safe Limited cooling capacity, poor thermal 
uniformity

Liquid 
Cooling

High High Medium ~0.6 (water) – 2.0 (coolants) High heat removal rate, stable 
cooling

Complex design, potential leakage risk

PCM Medium Medium High ~0.2–0.5 Passive operation, improved 
thermal uniformity

Limited cooling duration, needs 
regeneration

HP High Medium High Effective thermal conductivity 
up to 10,000+

High thermal conductivity, 
passive operation

Limited by saturation and orientation 
constraints, no active cooling

Fig. 2. Three-dimensional geometry schematic of the BTMS.
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is surrounded by VCs. Two short VCs encase the leftmost battery cell, 
while a long VC encloses the second (or third) battery cell. The two VCs 
have the same lengths (90 mm) and heights (76 mm), and the widths of 
the short and long VCs are 16.5 mm and 30 mm respectively. Herein, the 
VCs are made up of two sections: the condenser and the evaporator. At 
the evaporator section, the working fluid absorbs the heat generated by 
the battery and subsequently evaporates. Afterward, the gaseous 
working fluid ascends to the top condensation section due to changes in 
internal pressure. After cooling by the TEC, the gaseous working fluid 
releases heat, thus achieving thermal transport between the condenser 
and evaporator. In this configuration, the VCs utilize their central and 
lower sections as an evaporator for heat absorption, and the upper 
section as a condenser for heat release [38]. To facilitate efficient heat 
dissipation and precise temperature control of the battery, four TECs are 
installed at the upper end of VCs. The TEC is composed of copper elec-
trodes, ceramic plates, and both p-type and n-type thermoelectric legs. 
With a current passing through TECs, heat absorption at the bottom and 
heat release at the top occur in the TEC. Nevertheless, the heat accu-
mulated at the TEC hot side may lead to excessive temperature gradients 
across the TEC, thus deteriorating its cooling performance. To address 
this issue, a finned heat sink measuring 84 mm × 87 mm × 10 mm is 
applied to the hot side of the TEC for heat dissipation, with a spacing and 
thickness of 1 mm for each fin. Although the integration of TECs and VCs 
introduces some additional mass, volume, cost, and energy consump-
tion, the impact on the system’s specific power and volumetric power 
density is limited. This is because the TEC modules are compact and 
lightweight compared to conventional liquid cooling systems, and the 
vapor chambers are designed as thin plates tightly coupled to the battery 
cells. The slight increases in system weight and volume are acceptable 
considering the substantial improvements in thermal regulation, effi-
ciency, and operational flexibility. The material properties for 
aluminum, batteries [32], and VCs [39] are tabulated in Table 2, and 
those of the TEC are listed in Table 3, where Bi2Te3-based materials are 
employed for the thermoelectric legs, and the relevant values are ob-
tained from Ref. [40]. In addition, the dimensional properties of the 
remaining physical models are given in Table 4.

3. Model development

3.1. Thermal-electric coupling model

Fig. 3 illustrates basic principles of the thermal-electric coupling 
model, encompassing the governing equations for both thermal and 
electrical fields. Variables like T are shared among multiple equations, 
interacting with each other throughout the system. For example, the 
heat produced by the battery [41] is initially conveyed to the evaporator 
section of VCs, then transferred from the evaporator to condenser, and 
finally transmitted to the cold end of TECs. When current is applied to 
TECs, the top and bottom of TECs will release and absorb heat, respec-
tively. The bottom, which absorbs heat, becomes the cold end and takes 
away the heat from the condenser section of the VC, while the top is 
equipped with a finned heat sink for the effective dissipation of released 
heat from the top [42]. It’s worth noting that to improve computational 
efficiency, the VCs are simplified as ideal solid models with uniform 
properties and ultra-high thermal conductivity [38]. This assumption 

may slightly overestimate heat diffusion performance, especially under 
transient or high heat flux conditions. Nonetheless, for the present 
system-level analysis of TEC parameter effects under high discharge 
rates, this simplification provides a reasonable approximation. Future 
work will focus on developing a detailed two-phase VC model that in-
cludes phase-change dynamics, capillary effects, and transient thermal 
behavior. The whole system obeys the principle of energy conservation 
[43], where the heat generated by the battery and the Joule heat 
induced by the electric field are treated as energy source terms in the 
governing equations. Additionally, the solid regions involving electric 
current adhere to electric field conservation and current continuity [44]. 
More comprehensive details regarding this model are documented in 
Ref. [45]. Even at high discharge rates, the given BTMS demonstrates 
excellent capability in meeting the heat dissipation demands. To 
accentuate its benefits, this paper adopts a 5 C discharge rate, with a 
heat generation power of 21.6 W [32]. Furthermore, all batteries are 
assumed as homogenous solid blocks with uniform thermal properties.

3.2. Boundary conditions

Numerical calculations of the thermal-electric coupling model 
described above are conducted using the commercial software COMSOL. 
Furthermore, necessary boundary conditions need to be established 
during simulations. For air-cooled heat sinks, the heat transfer coeffi-
cient (hair) typically ranges from 10 to 50 W/(m2⋅K) [42]. Therefore, in 
both cases (BTMS-VC&TEC and BTMS-VC), hair is set as 30–50 W/(m2⋅K) 
with intervals of 2.5 W/(m2⋅K) to study the influence of air cooling on 
the BTMS performance, with the ambient temperature (Tair) of 293.15 K. 
Thermal loss boundary conditions are applied to other BTMS surfaces in 
contact with the ambient environment, incorporating a heat loss coef-
ficient of 10 W/(m2⋅K).

In the thermoelectric domain, the surface of the copper conductor 
where the current enters is specified with a normal current density 
boundary condition, whereas the surface where the current exits is 
assigned a ground boundary condition. Under the above conditions, 
numerical calculations of the thermal-electric coupling model can be 
completed.

3.3. Parameter definitions

The coefficient of performance (COP) and cooling power (Qc) are two 
critical parameters used to evaluate the cooling performance of a TEC, 
thereby reflecting its application potential in thermal management. 
Specifically, Qc represents the heat absorbed at the cold side of the TEC, 
while the corresponding heat is dissipated from the hot side, denoted as 
Qh. According to Ref. [46], the calculations for Qc and Qh of the TEC are 
as follows: 

Qc =αITECTc −
1
2
I2
TECRTEC − λTEC(Th − Tc) (1) 

Qh =αITECTh −
1
2
I2
TECRTEC − λTEC(Th − Tc) (2) 

where, Th and Tc are respectively temperatures on the hot and cold ends 
of the TEC; ITEC is the current of TECs, RTEC denotes the overall electrical 
resistance of all thermoelectric legs, λTEC is the heat conduction across 
the entire TEC.

Therefore, the combination of equations (1) and (2) yields the power 
input of the TEC, which is: 

Pin =Qh − Qc = I2
TECRTEC + αITEC(Th − Tc) (3) 

Then, the COP of the TEC is defined as the ratio of the heat absorbed 
at the cold side (Qc) to the input electrical power (P), which can be 
expressed as: 

Table 2 
Detailed material parameters for batteries, heat sink, and VCs.

Property Battery [32] Heat 
sink

VC [39]

Specific heat capacity (J/ 
(kg⋅K))

1150 900 381

Density (kg/m3) 1838.2 2700 8978
Thermal conductivity (W/ 

(m⋅K))
15.3, 15.3, 0.9 (kx, ky, 
kz)

238 2000
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COP=
Qc

Pin
(4) 

In addition, the maximum temperature of the battery pack refers to the 
highest temperature among all battery surfaces, and the temperature 
difference is calculated as the difference between the maximum and 
minimum surface temperatures.

3.4. Grid independence examination

To ensure the accuracy of the simulation results, a mesh indepen-
dence study is carried out. The computational grids are generated using 
COMSOL, as shown in Fig. 4. Five groups of progressively increased 
grids are used: 127733, 218500, 437940, 575354, and 1012654. The 
temperature difference and maximum temperature of batteries under 
various mesh configurations are presented in Fig. 5. The maximum 
temperature and temperature difference converge at 575354 grids, with 
a negligible difference of only 0.01 K compared to the finer mesh 

(1012654 grids). This confirms that the chosen grid density effectively 
captures the thermal gradients and coupled heat transfer phenomena, 
balancing accuracy and computational efficiency.

3.5. Model verification

To validate the precision of the established electric-thermal coupling 
model, the work utilizes experimental data from previously published 
works for model validation. The physical model of the BTMS, integrating 
U-shaped VC and air cooling as described in Ref. [47] is established. 
Subsequently, a finite element model of the system has been developed 
and predicted its performance using the given model. In the numerical 
simulation process, to ensure the accuracy of the numerical simulation 
and eliminate the influence of unrelated variables, the boundary con-
ditions were established based on the experimental setup reported in 
Ref. [47]. Fig. 6 presents a comparison between the simulated maximum 
temperatures and the corresponding experimental data. The simulation 
results exhibit strong consistency with the experimental measurements, 
with a maximum deviation of approximately 1.5 K. This discrepancy is 
primarily attributed to the simplification of the VC model, which ne-
glects internal vapor-liquid phase change dynamics; the uniform heat 
generation assumption, which omits localized hotspots and dynamic 
resistance changes; and minor experimental uncertainties, including 
sensor placement, thermal lag, and data acquisition errors. Overall, the 
good agreement between simulation and experimental results provides 
strong support for the accuracy and reliability of the established 

Table 3 
Parameters of each component of the TEC [40].

Seebeck coefficient (μV/K) Thermal conductivity (W/(m⋅K)) Electrical resistivity (10− 5 Ω⋅m) Size (L × W × H 
mm3)

n-type legs 7.393× 10− 11T2 − 2.500× 10− 7T − 8.494×

10− 5
1.870× 10− 5T2 − 1.447× 10− 2T+

3.680
0.657T2 − 7.136× 102T+ 2.463×

105
1.7 × 1.7 × 1.4

p-type legs − 1.593× 10− 9T2 + 1.364× 10− 6T − 7.062×

10− 5
1.071× 10− 5T2 − 8.295× 10− 3T+

2.625
1.311T2 − 1.364× 103T+ 4.023×

105
1.7 × 1.7 × 1.4

copper 
electrodes

– 400 1.67 × 10− 3 4.2 × 1.7 × 0.2

ceramic plates – 22 – 40 × 40 × 0.8

Table 4 
The dimensional properties of other physical models.

Battery Finned heat 
sink

Long VC Short VC

Size (L × W × H 
mm3)

90 × 27 ×
70

87 × 84 × 10 90 × 30 ×
76

90 × 16.5 ×
76

Fig. 3. Basic theory of the thermal-electric coupling model.
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thermal-electric coupled model.
In addition, to further highlight the reasonability of the developed 

model, the TEC modeling part is also verified. The data of cooling power 
from Ref. [48] are used to perform the comparison, under the same TEC 
model and boundary conditions, as shown in Fig. 7. The results obtained 
in this study align well with those reported in Ref. [48], with a maximum 
deviation of approximately 7.95 %. This error may primarily arise from 
the fact that certain detailed conditions in Ref. [48], such as thermal and 
electrical contact resistances at the interfaces within the TEC module, 
are not fully considered in this study due to the lack of corresponding 
experimental data. Additionally, the assumption of constant material 
properties further contributes to the discrepancy at higher currents. The 
validation of both the overall BTMS and the TEC module confirms that 
the proposed electro-thermal model reliably predicts the thermal 
behavior of the TEC-integrated system.

4. Results and discussion

This study conducts an in-depth investigation into the cooling per-
formance of the TEC and the thermal characteristics of the BTMS. Based 
on the criteria outlined in Ref. [7], the battery’s operating temperature 
is constrained to remain below 313.15 K, with a maximum permissible 

temperature difference of 5 K. Additionally, the minimum temperature 
should be higher than 293.15 K [49]. Generally, the lower the height of 
the thermoelectric leg, the lower the internal resistance, allowing the 
TEC to produce greater cooling power with the same current input. 
However, in practical battery thermal management applications, a 
reduced height increases the temperature difference across the TEC, 
which negatively impacts its cooling performance. Therefore, a 
comprehensive parametric study for the thermoelectric-based BTMS is 
essential.

4.1. The numerical results of a single TEC

Fig. 8(a) illustrates the temperature boundary conditions of the TEC, 
where the hot side is maintained at 313.15 K and the cold side at 293.15 
K. The corresponding distributions of temperature, voltage, and current 
density are depicted in Fig. 8(b)–(d). As shown in Fig. 8(b), the tem-
perature gradient is mainly concentrated within the thermoelectric legs 
due to their relatively low thermal conductivity compared to other 
structural components. When current flows through the TEC, holes in 
the p-type leg (red in Fig. 8(a)) and electrons in the n-type leg (blue in 
Fig. 8(a)) move from the cold end to the hot end, resulting in heat ab-
sorption at the cold side and release at the hot side. Concurrently, the 
temperature gradient induces carrier movement in the opposite direc-
tion. According to Eq. (1), an increasing temperature difference between 
the TEC’s sides reduces its cooling efficiency. Therefore, to ensure 
effective operation under large temperature gradients, a suitable input 
current is essential. The voltage distribution across the TEC, as shown in 
Fig. 8(c), provides critical insight into the device’s internal electrical 
behavior and its impact on thermal performance. The electric potential 
increases smoothly from the ground terminal to the input terminal, 
reaching 6.58 V at an input current of 3 A. This voltage distribution 
reflects the direction of current flow that drives the Peltier effect, the 
core mechanism responsible for heat absorption at the cold side and heat 
release at the hot side of the thermoelectric module. The corresponding 
electrical power input, calculated as the product of voltage and current, 
is 19.74 W, which is slightly lower than the theoretical value obtained 
from Eq. (3). Fig. 7(d) shows the highest current density at the copper 
electrode, attributed to copper’s excellent electrical conductivity. 
Furthermore, the simulation outputs provide the necessary data for 
calculating the cooling capacity and COP.

Fig. 4. Mesh model of the BTMS.

Fig. 5. Variation of temperature difference and maximum temperature with 
grid numbers.

Fig. 6. Experimental validation of the proposed model. (Note: NMHPA for the 
no micro heat pipe array, AAC for the active air cooling, PAC for the passive air 
cooling, and MHPA for the micro heat pipe array).
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Fig. 7. Validation of the TEC modeling part.

Fig. 8. Numerical simulation results of a single TEC when the current input is 3 A. (a) Three-dimensional geometry and temperature boundary conditions of the TEC; 
(b) Temperature distributions of the TEC; (c) Voltage distributions of the TEC; (d) Current density distributions of the TEC.
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4.2. Effect of leg height on the TEC cooling performance

Fig. 9 demonstrates the impact of different leg heights on the cooling 
performance of the TEC under varying input currents. In this case, the 
cold end temperature of the TEC is set to 293.15 K, and the hot end 
temperature to 313.15 K. With the input current increases, Qc initially 
rises, then decreases, as shown in Fig. 9(a). This nonlinear behavior is 
governed by the interplay between the Peltier effect, Joule heating, and 
thermal conduction: at low currents, Qc increases linearly with current 
due to enhanced Peltier cooling, but at higher currents, Joule heat 
generated inside the thermoelectric legs and parasitic heat conduction 
from the hot to cold side reduce the net cooling effect—leading to a 
decline in Qc. Specifically, at a leg height of 1.4 mm, Qc increases by 
29.6 W as the input current rises from 1.5 A to 7.5 A, while the COP 
remains at only 0.3 at 7.5 A. Additionally, as the leg height decreases, Qc 
increases, and the effective operating span of the input current of the 
TEC also increases. From Fig. 9(b), it can be observed that when the 
input current is lower than 1.5 A, Qc is relatively small while Pin is large, 
leading to a quite small COP. With the input current increases, COP 
initially rises and then declines, with the decreasing trend being grad-
ually slowing down. Furthermore, with the reduction in the leg height, a 
significant increase in COP is observed. To achieve a balance between Qc 
and COP, it is recommended to set the TEC input current below 4 A.

This section further analyzes the influence of the leg height on the 
TEC voltage distribution under a 3 A input current, as shown in Fig. 10. 
It can be noticed that as the thermoelectric leg height decreases, the 
voltage also decreases, attributed to the decreased internal resistance. 
The reduction in internal resistance results in a decrease in Joule heat-
ing, which in turn leads to an increase in the Qc. Moreover, with the leg 
height increases from 0.8 mm to 1.6 mm, the voltage rises by 3.35 V. The 
growth in voltage value induces an increase in input power, hence 
resulting in a decrease in COP. It seems that the leg height of the TEC 
should be minimized to optimize cooling performance.

4.3. Effect of leg height on the BTMS thermal performance

The previous section focused only on a single TEC with a fixed 
temperature difference between the hot and cold ends, without 
considering its application in the BTMS. Therefore, this section in-
vestigates the practical performance of TECs within the BTMS using 
numerical simulations. Considering the great influence of the leg height 
on the TEC cooling performance, a corresponding study is performed, as 
shown in Fig. 11. When the air convective heat transfer coefficient is 
fixed at 50 W/(m2⋅K), the maximum battery temperature first decreases 
and then increases with rising input current (Fig. 11(a)). This behavior 
stems from the competing effects of Peltier cooling (linear in current) 
and Joule heating (quadratic in current). At lower currents, Peltier 

cooling dominates, reducing battery temperature. However, as current 
further increases, Joule heating grows more rapidly, eventually over-
taking Peltier cooling and degrading the TEC’s net cooling capacity. 
When the current is 1 A, the higher the leg height, the larger the battery 
maximum temperature. This is because under low current conditions, 
the TEC generates limited cooling power, causing the temperature 
gradient between its legs to remain nearly uniform despite differences in 
leg height. At lower leg heights, the cooling power Qc increases, leading 
to a reduction in battery pack temperature. Within the 1.5–2.5 A range, 
the maximum battery temperature inversely correlates with leg height. 
The underlying mechanism is that elevated input currents significantly 
widen the temperature difference between the TEC’s hot and cold ends, 
making shorter legs more effective at heat extraction. Although the TEC 
with a lower height may produce a higher cooling power, it can only 
operate under a relatively low temperature difference, and thus the 
increased temperature difference hinders the cooling performance of 
TECs. It is worth noting that this trend will change as the current in-
creases further. With the current continues to rise, the maximum tem-
perature with a larger leg height will gradually exceed that of the battery 
pack with a smaller height. It can be observed that when the input 
current is 3 A and the height of thermoelectric legs is 1.4 mm, the BTMS 
achieves the lowest maximum temperature, which is 300.94 K.

As shown in Fig. 11(b), increased current magnitude correlates with 
enhanced battery surface cooling, resulting in more pronounced tem-
perature gradients. However, excessive current results in a decrease in 
TEC cooling power, causing the maximum temperature difference of 
batteries to increase initially and then decrease with the input current, 
contrary to the trend observed in the maximum temperature. Addi-
tionally, with an input current of 3 A, compared with the situation of 0.8 
mm, the temperature difference of the BTMS with a height of 1.4 mm is 
only increased by 0.04 K, while the maximum temperature is decreased 
by 4.78 K. Therefore, the leg height of TECs is suggested to be 1.4 mm. In 
summary, selecting the optimal leg height involves a trade-off between 
thermal efficiency and the ability to withstand temperature gradients. In 
the present configuration, the battery pack reaches its lowest maximum 
temperature at a leg height of 1.4 mm under a 3 A input current. This 
indicates a favorable balance between performance and adaptability, 
yielding a higher COP while maintaining sufficient thermal regulation 
capability. Therefore, the 1.4 mm leg height is identified as the optimal 
configuration.

To gain deeper insight into the thermal distribution within the BTMS, 
numerical simulations are conducted under various TEC input currents, 
as shown in Fig. 12. In these simulations, the air convective heat transfer 
coefficient is held constant at 50 W/(m2⋅K), and the thermoelectric leg 
height is set to 1.4 mm. The results reveal that as the input current in-
creases, the temperature of the finned heat sink also rises. Specifically, at 
an input current of 3 A, the heat sink reaches 335 K, primarily due to the 

Fig. 9. Effect of leg height on TEC performance under various input currents. (a) Qc; (b) COP.
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enhanced Peltier heating effect on the TEC’s hot side. Meanwhile, the 
cold side of the TEC provides more effective cooling, resulting in a lower 
battery temperature. Between 1 A and 3 A, the battery’s maximum 
temperature drops by 16.15 K. However, further increasing the current 
beyond 3 A leads to a gradual rise in battery temperature, mainly due to 
the decline in cooling efficiency caused by the enlarged temperature 
gradient across the TEC. Therefore, while a moderate increase in input 
current can effectively enhance TEC cooling performance and reduce 
battery temperature, excessively high input currents not only lead to 
significant energy consumption but also impair thermal regulation. 
Based on the simulation results in Fig. 11, the optimal current range for 
maintaining efficient TEC operation lies between 2.5 A and 3.5 A.

4.4. Effect of air cooling and comparison between two configurations

To evaluate the TEC’s effectiveness in battery thermal management, 
two BTMS configurations with and without TECs are compared in this 
section, and the influence of varying air convection heat transfer co-
efficients is investigated, as shown in Fig. 13. Here, the leg height and 
input current are set as the optimal values of 1.4 mm and 3 A 
respectively.

As shown in Fig. 13(a), increasing the air convection heat transfer 
coefficient leads to a reduction in the maximum temperature for both 

BTMS configurations. In the BTMS-TEC&VC setup, the incorporation of 
TECs significantly boosts the air-cooling effectiveness of the finned heat 
sink, resulting in a more pronounced temperature drop. Specifically, 
when the heat transfer coefficient reaches 50 W/(m2⋅K), the maximum 
temperature of the BTMS-TEC&VC is 13.58 K lower than that of the 
BTMS-VC. Notably, the BTMS-VC configuration fails to keep the battery 
temperature below the safety limit of 313.15 K, highlighting its insuf-
ficient cooling capacity. For the BTMS-TEC&VC configuration, even 
under a high discharge rate of 5 C, the system can effectively maintain 
battery temperatures within the safe operating range with a 3 A TEC 
input current. This demonstrates that, while the integration of TEC in-
creases energy consumption and cost, its enhanced thermal regulation 
capabilities are critical for ensuring the safety and performance of high 
energy density battery packs, enabling effective temperature control 
under various operating conditions. In contrast, Fig. 13(b) reveals a 
positive correlation between hair and temperature differential for both 
systems, with temperature differential increasing progressively with 
higher convection coefficients. The temperature difference in the BTMS- 
TEC&VC configuration is marginally higher than that in the BTMS-VC, 
with a maximum disparity of just 0.29 K at hair = 50 W/(m2⋅K). This 
slight increase is due to the enhanced cooling capability of the TEC, 
which lowers the outer surface temperature of the battery, thereby 
amplifying the temperature gradient within the module. Overall, the 

Fig. 10. Voltage distribution of the TEC at different leg heights.

Fig. 11. Influence of leg height on the thermal behavior of the BTMS under various input currents. (a) Tmax; (b) ΔTmax.
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integration of TECs significantly reduces the battery’s peak temperature. 
Although a minor rise in temperature difference is observed, it remains 
below 5 K, thus satisfying the BTMS thermal management requirements.

In summary, increasing the convective heat transfer coefficient 
further reduces the maximum battery temperature but leads to a slight 
increase in temperature difference. Considering that the BTMS-TEC&VC 
configuration already demonstrates excellent thermal performance at 
hair = 50 W/(m2⋅K), further improvements in thermal performance 
become marginal beyond this point. Moreover, increasing the coefficient 
beyond 50 W/(m2⋅K) would significantly raise energy consumption 
[50]. Therefore, by comprehensively evaluating cooling effectiveness 
and energy efficiency, 50 W/(m2⋅K) is identified as the optimal 
convective heat transfer coefficient.

5. Conclusions

This study addresses the thermal management challenges of battery 
systems under high discharge rates (5 C) by proposing a novel BTMS 
configuration integrating TECs and VCs. The hybrid TEC-VC design 
significantly improves thermal regulation to maintain optimal battery 
operating temperatures. In the proposed BTMS, the utilization of VCs is 
able to effectively lower the temperature difference, and the utilization 
of TECs can notably alleviate the maximum temperature of batteries. In 
addition, considering the high sensitivity of TEC parameters to the 
system’s thermal performance, the effect of different parameters on the 
maximum temperature and temperature uniformity of the BTMS is 
comprehensively analyzed, and the optimal conditions for the TEC are 
suggested, including the leg height, current input, and air cooling heat 

Fig. 12. Temperature distribution of BTMS under different input currents.

Fig. 13. Effect of air cooling and comparison between two configurations. (a) Tmax; (b) ΔTmax.
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transfer coefficient. Meanwhile, a thermal-electric coupling model for 
the BTMS is established to forecast its thermal performance. The sum-
marized results are as follows. 

(1) For a single TEC, both Qc and COP experience an initial ascent 
followed by a subsequent decline with an augmentation in the 
TEC current input. To strike an optimal balance between Qc and 
COP, it is advisable to constrain the TEC current input to not 
exceed 4 A, and the leg height should remain relatively low to 
ensure a high COP. However, the situation for the thermal man-
agement applications of the TEC is quite different from the in-
dividual TEC.

(2) Although the individual TEC with a lower leg height may produce 
a higher cooling power, it can only operate at a relatively low 
temperature difference, and the increased temperature difference 
hinders the cooling performance of TECs with a relatively low leg 
height, thereby leading to poor thermal behavior of the BTMS.

(3) As the input current to the TEC increases, the battery’s maximum 
temperature initially decreases and then rises, while the tem-
perature difference exhibits the opposite trend. In the current 
range of 1.5 A–2.5 A, a greater leg height results in a lower 
maximum temperature. When the current reaches 3 A, a leg 
height of 1.4 mm achieves the lowest maximum temperature of 
300.94 K, with only a slight increase in the temperature 
difference.

(4) As the air cooling heat transfer coefficient increases, a continuous 
decrease in the maximum temperature is observed, accompanied 
by a gradual rise in the temperature difference. Compared to the 
BTMS without TECs, integrating TECs reduces the maximum 
temperature by 13.58 K at a heat transfer coefficient of 50 W/ 
(m2⋅K), while the associated increase in temperature difference 
remains minimal at just 0.29 K.

(5) Future work will extend the analysis to include transient thermal 
performance under dynamic operating conditions and develop 
adaptive TEC control strategies that allocate specific TECs to 
groups of batteries and dynamically adjust input current based on 
real-time temperature feedback, ensuring efficient, energy- 
saving, and uniform temperature regulation for large battery 
packs across diverse scenarios.
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