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Abstract: Lithium-ion batteries are extensively used in electric vehicles because of their high 

energy density and long service life. Designing a battery thermal management system (BTMS) that 

prevents thermal runaway propagation in the event of abusive accidents is crucial. The goal of this study 

is to design a novel hybrid BTMS with both active liquid cooling and passive cooling for preventing 

thermal runaway propagation in the battery module. A numerical model for a battery module (16 

cylindrical 18650 cells) was developed in COMSOL multi-physics software to examine the thermal 

runaway propagation caused by a single cell. Copper foam and expanded graphite-paraffin (EG-PCM) 

composite material were used for passive cooling. In addition to the thermal runaway scenario, the 

thermal behaviors of the battery module with the hybrid BTMS were also evaluated under the 3C 

discharging and driving cycle circumstances. A conventional BTMS with natural air cooling is chosen 

as the baseline. The findings reveal that the proposed hybrid BTMS, which uses EG-PCM with a 

melting temperature of 52 °C and thermal diffusivity of 9.68 mm2/s and copper foam with a porosity of 

0.7-0.9, is capable of limiting the maximum cell temperature below the thermal safety threshold (80 °C) 

to prevent thermal runaway propagation. Under the NEDC load cycle, the battery module can be 

maintained within an optimal working temperature range by passive cooling only. By applying active 

liquid cooling with a flow rate of 0.3 m/s for BTMS, the average temperature reduction of the battery 

module at a 3C discharging rate can be up to 72.5% and 52.7% compared to passive cooling with copper 

foam and EG-PCM, respectively. The study highlights that the combination of active liquid cooling and 

appropriate passive cooling is an efficient thermal management solution for Li-ion battery applications 

in electric vehicles, notably in the consideration of thermal safety.  
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Nomenclature  
am Mass fraction 
Crate Current charge/discharge rate 
C𝑝𝑝,𝑖𝑖 Specific heat capacity [J/kg] 
hn Heat transfer coefficient [W/m2/K] 
I Current [A] 
L Latent heat [kJ/kg] 
p Pressure [Pa] 

Q̇ Heat generation rate [W] 
Qtotal Total heat generation [J] 
Qr Reaction heat [J] 
Q𝑠𝑠 Side reaction heat [J] 
Q𝑜𝑜 Ohmic heat [J] 
Q𝑎𝑎 Active polarization heat [J] 
R Internal resistance [Ω] 
T Temperature [°C] 
ΔT Temperature difference [°C] 
t Time [s] 

v⃗ Velocity [m/s] 
N Number of cells 
Greek symbols  
α Thermal diffusivity [m2/s] 
ρi Density [kg/m3] 
λ𝑖𝑖 Thermal conductivity [W/m/K] 
ε Porosity of the copper foam 
μ Dynamic viscosity [Pa·s] 

Φ Diameter [mm] 
Subscripts  

amb Ambient 
b Battery cell 
c Coolant 
cf Copper foam 
pcm Phase change material 
s Solid-phase 
f Filling material 
∆ Change 

∇ Divergence 

 



 

 

1. Introduction 

The market for electric vehicles (EVs) is growing rapidly due to regulations driven by concerns 

about global warming and air pollution [1]. Lithium-ion batteries (LiBs) are widely used in EVs due to 

their high energy/power density and long cycle life [2]. In EVs, battery thermal management systems 

(BTMS) is essential to maintain their temperature in a suitable range (15-40 °C) [3]. Extreme conditions, 

such as mechanical, electrical, and thermal abuse, might lead to battery thermal runaway (TR) [4]. 

When the battery temperature exceeds 80 °C, the internal structure of the battery might be damaged and 

thus induce a series of exothermic side reactions. The reaction further induces a considerable amount 

of heat generation, forming a "heat-temperature-chain-reaction" [5]. Yuan et al. [6] studied the TR 

behavior of LiBs in accelerating rate calorimetry (ARC). The Peak thermal power of the high energy 

density LiB cell exceeded 10 kW in the thermal runaway process, causing TR propagation. Feng et al. 

[7] investigated the TR propagation process in a battery module. The extreme heat release rate led to 

the formation of a huge temperature gradient between the TR cells and neighboring cells. In worst 

scenarios, TR propagation might cause fire and even an explosion. Therefore, LiB thermal hazard is a 

grand challenge in the safety of EVs [8].  

Due to issues such as low repeatability and high cost of TR experiments, numerical simulations 

were deployed to study the TR propagation process in the battery modules [9]. Jindal et al. [10] 

established a thermal abuse model for the lithium-ion battery to guide the development of BTMS. Some 

researchers have developed numerical models based on Ohm’s Law approach to explaining the heat 

generation of LiBs [11][12]. Prahit et al. [13] conducted a comparative study of direct liquid cooling 

and indirect liquid cooling, and the established battery heat generation model only considered ohmic 



 

 

heat generation and ignored reversible heat. The proportion of reversible heat in the total heat of LiBs 

is significantly lower than that of irreversible heat [14]. Abada et al. [15] studied the battery TR 

mechanism. Some abusive conditions, such as battery manufacturing defects, external extrusion, and 

internal short circuits during operation, cannot be precisely predicted [4]. BTMS with optimized cooling 

methods were adopted to prevent TR propagation [6][11]. Three cooling methods are commonly 

applied in BTMS such as air, active liquid, and passive phase change material (PCM) cooling [16][17]. 

Feng et al. [18] pointed out that BTMs only using a liquid cooling plate is insufficient to prevent the 

thermal runaway propagation, and they proposed that using materials with a high heat capacity or phase 

change material as a thermal barrier can absorb a large amount of heat and effectively enhance the effect 

of thermal insulation. Li et al. [19] investigated the cooling performance of BTMS with liquid cooling. 

Active liquid cooling improves the performance of battery modules, and a compound system was 

proposed to cope with different battery operation conditions. PCM as a typical cooling material has a 

high latent heat, which absorbs heat generated during phase transition. However, the thermal 

conductivity of PCM is low. Weng et al. [20] investigated the enhancement of paraffin thermal 

conductivity by dosing expanded graphite (EG). The PCM can be confined into the porous structure of 

the EG to effectively enhance the thermal conductivity of the material [21]. Metal foam is another 

promising material in the field of BTMS application. Saw et al. [22] developed the cooling system of 

the battery based on aluminum foam with porosity control. The axial thermal conductivity of the 

cylindrical cell is significantly higher than the radial thermal conductivity, so the temperature 

distribution in the axial plane is more homogeneous than that in the radial plane. In addition, the 2D 

model can also effectively reduce the computing time. Chen et al. [23] investigated the battery thermal 



 

 

states and cycle life by coupling one-dimensional electrochemical and two-dimensional thermal models. 

Vadakkepatt et al. [24] proposed a numerical method to study the effect of structural porosity on the 

thermal conductivity of different solid phase materials. Mohammadian et al. [25] conducted a numerical 

simulation of the thermal behavior of a cooling fin embedded with aluminum foam. Aluminum foam 

as a filling material significantly enhanced the fin cooling performance. Most of the above studies were 

performed under normal operating conditions of LiBs or only to investigate the TR mechanism. They 

did not evaluate the performance of BTMS in terms of preventing TR propagation under different 

cooling methods. Conventionally, heat insulation is used to delay the heat transfer from the initial TR 

cell to surrounding cells, but this reduces the heat dissipation performance of BTMS. Rapid heat 

dissipation is the key to inhibiting TR propagation in the battery module.  

In this study, novel methods are investigated for mitigating the challenge of preventing TR 

propagation through enhancing heat dissipation. We proposed a novel battery hybrid BTMS 

incorporating passive and active liquid cooling. A numerical COMSOL (multi-physics program) two-

dimensional finite element analysis model for a battery module (16 cylindrical 18650 cells) was 

established to simulate the thermal runaway propagation caused by a single cell. High thermal 

diffusivity material (copper foam) and high latent heat material (expanded graphite-paraffin) were 

utilized as the passively cooling material, respectively. To comprehensively evaluate the feasibility of 

the hybrid thermal management solution, the thermal behaviors of the battery module were also 

investigated under the 3C discharging and realistic driving cycle conditions. The baseline is a 

conventional BTMS with natural air cooling. A comparative study was implemented to evaluate the 

effect of passive cooling materials and coolant flow rate on the temperature rise and temperature 



 

 

uniformity of battery modules. In the following paragraphs, for simplification, liquid cooling coupled 

with EG-PCM as filling material is noted as ‘LC-EG-PCM’, and liquid cooling coupled with copper 

form as filling material is noted as ‘LC-CF’. 

The rest of this paper is organized as follows: the numerical modelling is explained in Section 2. 

Simulation setup and procedures are indicated in Section 3. The results and discussion are illustrated in 

Section 4. Finally, the conclusions of the main findings are presented in section 5. 

2. Numerical modelling 

Fig. 1 shows the schematic diagram of the battery module with a hybrid BTMS. Each cell is coded 

based on its position in the battery module. The battery module (2D dimension: 124 mm×88 mm) 

contains 16 cells (Samsung 18650-33G), and the internal resistance of the cells is approximately 50 mΩ 

[26]. The nominal specifications of the battery cell are tabulated in Table 1. The transverse and 

longitudinal pitches in the battery module were 20 mm and 26 mm, respectively. In the BTMS, the 

active cooing had a snake-shaped coolant tube (Φ: 5 mm). The space in the module was filled with 

either EG-PCM or copper foam. These materials are also referred to as filling materials.  

To simplify the numerical simulation analysis of the BTMS, the following assumptions were made: 

1) Thermal radiation was neglected and the heat generated by cells was transmitted to neighboring ones 

via thermal conduction and convection; 2) Heat generation of battery cells was uniform under normal 

operating conditions; 3) The thermophysical properties of the cooling material were regarded as being 

isotropic; 4) Under normal operating conditions, the heat generated by the battery was assumed to be 

provided only by irreversible ohmic heat, and the heat generation of reversible entropy heat is ignored. 

Table 1 Nominal Specifications of Samsung 18650-33G 
Item Specification 



 

 

Nominal Voltage 3.60 V 
Typical Capacity 3150 mAh 

Cathode Graphite 
Anode NiCoAl (NCA) 

Ethylene carbonate  LiPF6 

 

 

Fig. 1. Illustration of hybrid active-passive cooling BTMS. 

2.1 Heat generation model 

The heat generation of battery cell includes reaction heat, Qr, side reaction heat, Qs, ohmic heat, 

Qo, and active polarization heat, Qa. The total heat generation of battery cells, 𝑄𝑄total, can be expressed 

as by: 

 Qtotal=Qr+Qs+Qa+Qo  (1) 

The battery consists of multifarious constitutional materials, and it requires a complicated 

electrochemical model to describe the internal heat generation mechanism, which is not within the scope 

of this paper. A simplified way of calculating the heat generation rate of the battery is adopted in this 

paper. The self-heating power of the battery cell under the TR condition, which is measured by the ARC 

experiment in [6], is implemented in the TR propagation model to represent the heat generation rate 



 

 

under TR. Although the cathode materials of the battery cells used under normal operating conditions 

are different from the TR case, the nominal capacity and operating voltage of selected battery cells are 

at the same level. The total heat generation rate of the battery module in the 3C constant current load 

and dynamic current load is calculated by Ohm's law: 

 𝑄̇𝑄=N(CrateI)2R (2) 

where I  denotes the current; Crate  denotes the current rate; R  and N  represent the internal 

resistance of the cell and the number of cells, respectively. 

2.2 Thermal model 

Based on the thermophysical property of materials, computational domains of the numerical model 

consist of several different regions, including battery, PCM, Copper foam, and liquid coolant. The 

energy conservation equation in the domain of the battery can be expressed as: 

 ρbCp,b
∂T
∂t =∇ (λb∇T)+Q (3) 

The energy conservation equation of the copper foam domain can be expressed as: 

 (1-ε)ρcfCp, cf
∂Tf

∂t =∇(λcf∇Tcf) (4) 

Since the PCM is confined in the inter-particle space of the composite material, the convection of 

the melted PCM is neglected. Therefore, the momentum equation of melted PCM is not considered. 

The energy conservation equation of the PCM domain can be expressed as: 

 ρpcmCp, pcm
∂Tpcm

∂t =∇(λpcm∇Tpcm) (5) 

In the phase transition of PCM, the apparent heat capacity is calculated by the equivalent heat 

capacity method： 

 Cpcm=Ce+CL(T) (6) 



 

 

The outer interface of filling material exchanges heat with the ambient environment by air natural 

convection, where the governing equation is defined as follows: 

 λf
∂T
∂n=hn(Tf-Tamb) (7) 

In the coolant fluid domain, coolant is considered incompressible Newtonian fluid. The 

momentum balance and energy conservation equation are defined as follows: 

 ρ𝑐𝑐C𝑝𝑝,𝑐𝑐
∂T𝑐𝑐
∂t +∇ (ρ𝑐𝑐C𝑝𝑝,𝑐𝑐𝑣𝑣)=∇(λ𝑐𝑐∇T𝑐𝑐) (8) 

 ∇·𝑣𝑣 = 0 (9) 

 ρc
∂v⃗
∂t =-∇p +μ∇2v⃗ (10) 

where ρi , λ𝑖𝑖 , C𝑝𝑝,𝑖𝑖 , T  and hn  denote density, thermal conductivity, and specific heat capacity, 

temperature, and heat transfer coefficient, respectively. v⃗ , p  and μ  denote velocity, pressure, and 

dynamic viscosity of coolant, respectively; ε denotes the porosity of the copper foam; Ce and CL(T) 

denote the equivalent heat capacity of melted PCM and the latent heat distribution in phase transition 

interval, respectively. 

3. Simulation setup 

A two-dimensional thermal model was established in the Multiphysics software, COMSOL. The 

numerical method applied in COMSOL is based on the finite element discretization of governing 

equations. A direct transient solver using the PARDISO algorithm was applied to obtain the thermal 

transient response of the battery module through partial differential equations. The initial time step is 

set at 0.1 seconds to enhance the accuracy and stability of the numerical simulation. Table 2 lists the 

thermos-physical properties of materials in the hybrid BTMS. Two EG-PCM composite materials with 

different thermophysical parameters were selected, in which the thermal conductivity and melting 



 

 

temperature are significantly different. The porosity of metal foam typically is 0.75-0.95 of the volume 

of the material [27]. Copper foam with a porosity of 0.7-0.9 was selected for numerical simulation. 

Table 3 lists the mass of various filling materials used in BTMS. The cell codes and their corresponding 

locations in the module can be found in Fig. 1. Thermal diffusivity of materials can be calculated using 

the following equation: 

 𝛼𝛼 =
λ
ρCp

 (11) 

Table 2 Thermo-physical properties of battery cell EG-PCM and copper 

 Units Battery cell [6] 
EG-PCM 1 

[28] 
EG-PCM 2 

[29] 
Copper [28] 

Density kg/m3 2800 1000 866 8920 

Thermal conductivity W/m/K 5 (Radial) 3.59 16.60 385 

Heat capacity J/kg/K 1143 1790 1980 380 

Latent heat kJ/kg -- 175 181 -- 

Melting temp. °C -- 35 52 -- 
Transition interval 

temp. 
°C -- 3 3 -- 

Thermal diffusivity m2/s -- 2.00E-06 9.68E-06 1.13E-04 

Table 3 Mass of filling materials used in BTMS 

 Units 
Copper foam porosity: 

0.7 
Copper foam porosity: 

0.9 
EG-PCM 1 EG-PCM 2 

Density kg/m3 2676 892 1000 866 
Mass kg 0.81 0.27 0.30 0.26 

 

Using a grid independence study, appropriate cell size is chosen to balance simulation accuracy 

and computational time. The grid structure of the computational domain and the results of mesh 

independence studies are shown in Figs. 2a and 2b. The average temperature of a probe point on the 

battery module with coolant and without coolant was used to study mesh independence. The heat 
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generation rate of the single cell is set to 4W. When the grid number reaches a grid number of 10976 

(maximum element size: 6.5 mm), the results converged to a steady state.  

(a) (b) 

Fig. 2. Mesh independency study: (a) cell temperature; (b) selected grid structure. 

Table 4 lists the initial boundary conditions. Each component of the BTMS model is considered 

to be in close contact in simulation. Therefore, the contact thermal resistance between interfaces can be 

neglected [23]. The coolant outlet pressure is set to inhibit backflow. Thermal insulation boundary 

condition was set to the top and bottom of BTMS. The range of air-free convection heat transfer 

coefficient is 2.5 to 25 W/m2/K [30]. The environmental boundary conditions of the BTMS model are 

regarded as natural convection with a heat transfer coefficient of 15 W/m2/K [31]. The inlet velocity 

discussed in this study, the Reynolds number is lower than 2100, and it is reasonable to set the laminar 

flow for the coolant. Reynolds numbers (Re) are generally calculated to determine the fluid dynamic 

flow conditions using the following equation: 

 Re=
ρv⃗Φ
μ  (12) 

Table 4 Simulation boundary settings 

Parameter Units Setting 



 

 

Ambient temperature ℃ 25 

Fluid dynamic conditions -- Laminar Flow 

Liquid inlet temperature ℃ 25 

Liquid inlet velocity m/s 0.01, 0.1, 0.2, 0.3 

Outlet pressure pa 0 

Heat transfer coefficient W/m2/K 15 

To pinpoint the highest temperature cell in the battery module, the average temperature of the 

battery module with hybrid active-passive BTMS and with passive BTMS only under a self-heating 

power of 10W were separately simulated, and the results are illustrated in the Appendix (Fig. 1A and 

Fig. 2A). The results indicated that the highest temperature position in the battery module with hybrid 

BTMS and only passive BTMS is located in Cell (4,3) and Cell (2,3), respectively. The local heat 

accumulation induced by the layout of the battery module resulted in the non-uniformity temperature 

distribution. Cell (4,3) with the highest temperature is designated as the one that experienced TR. Fig. 

3 shows the heat release rate of Cell (4,3) during TR. This heat release rate curve is extracted from [6] 

where the heat generation rate of a Samsung 18650-33G cell under TR is measured by the ARC test. 

Based on simulation results, apart from Cell (4,3), Cell (4,2) and Cell (1,4) consistently show the 

maximum and minimum temperatures, respectively. Apart from the above TR simulation, cells working 

under normal conditions, including an aggressive 3C constant current discharge/charge and a mild 

dynamic driving cycle, were simulated to assess the hybrid active-passive cooling BTMS. Fig. 4 shows 

the current load of the cell under the New European Driving Cycle (NEDC) selected in this study. The 

duration and distance of a single driving cycle are 1180 s and 11 km, respectively.  



 

 

 
Fig. 3. The heat release rate of TR cell (ARC data 

extracted from [6]). 

 
Fig. 4. Current load of the cell under NEDC (data 

extracted from [32]). 

Model validation was performed to ensure the accuracy of the numerical model. Fig. 5 shows the 

comparison of the simulation results with the experimental data. The experimental data comes from the 

experimental study on the temperature evolution of battery modules with PCM cooling reported by 

Sabbah et al. [28] The experimental data and predicted results showed good agreement, indicating that 

the study can employ the numerical methods mentioned above. 

 

Fig. 5. Comparison between simulation results with the experimental data from literature [28] 
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4. Results and Discussion 

This section includes three parts. The first section mainly focused on the performance of the novel 

hybrid BTMS in preventing the TR of a single cell from spreading to adjacent cells. The second and 

third parts are for the assessment of the BTMS in maintaining the battery module within a proper 

temperature window during normal operating conditions. 

4.1 Prevention of TR propagation  

The average cell temperature of three selected batteries during the single-cell TR event is depicted 

in Fig. 5. The simulation was conducted at a temperature of 25 °C and an active liquid cooling flow rate 

of 0.3 m/s. Those selected cells are the TR cell (Cell (4, 3)) as well as the cells with the highest (Cell 

(4, 2)) and the lowest (Cell (1, 4)) temperatures in the module. Two categories of filling materials were 

utilized in the module, including copper foam with porosities of 0.7 and 0.9, and EG-PCM composites 

with thermal conductivities of 3.59 W/m/K and 16.60 W/m/K. The filling materials functioned as heat 

sinks/heat dissipation enhancers. The decomposition of SEI of the battery cell is from 80 °C to 120 °C 

[4]. Accordingly, a threshold temperature of 80 ℃ is highlighted in plots by a dashed line, representing 

a critical limit for battery thermal stability. Furthermore, the propagation of thermal runaway in a battery 

module with natural air cooling was simulated, and the results are included in Appendix Fig. 3A.  

The results indicate that the copper foam is effective in achieving this goal, especially with a lower 

porosity of 0.7. More specifically, Cell (4,2) reached a maximum temperature of 48.9 °C and 60.7 °C 

for copper foam with porosities of 0.7 and 0.9, respectively. In comparison to EG-PCM 2, EG-PCM 1 

with low thermal conductivity was unable to effectively inhibit the spread of thermal runaway, 

demonstrating that increasing thermal conductivity is critical for PCM performance.  



 

 

 
Fig. 6. Average cell temperature of three selected batteries during the single-cell TR event for the 
novel hybrid active-passive BTMS: (a) copper foam with a porosity of 0.7; (b) copper foam with a 
porosity of 0.9; (c) EG-PCM 1; (d) EG-PCM 2  

It is crucial to examine the effect of coolant velocities on the prevention of TR propagation, as 

illustrated in Fig. 7. The flow rate of 0.01 m/s represents a near ‘zero flow’ case. The temperature of 

Cell (4,2) was reduced when the coolant velocity was increased from 0.01 m/s to 0.1 m/s; however, this 

effect diminished as the flow rate was increased from 0.1 m/s to 0.3 m/s. For copper foams with 

porosities of 0.7 and 0.9, the coolant flow required to prevent TR propagation was 0.10 m/s and 0.17 

m/s, respectively. Similarly, the required flow rate for EG-PCM 2 is approximately 0.10 m/s. Cell (4,2) 

cannot be kept from TR with EG-PCM 1, at least not with the laminar coolant flow. As illustrated in 

Fig. 8, the cooling efficiency of the novel hybrid active-passive BTMS coupled with copper foam is 

influenced by porosity and coolant velocity. A coolant flow of 0.12 m/s to 0.15 m/s is required to achieve 
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the target of TR propagation prevention, depending on the copper porosity. Heat transfer of the active 

liquid cooling includes heat conduction and heat convection. The increase in coolant flow rate can 

effectively improve the convective heat transfer and significantly reduce the average temperature of the 

battery. In the case of PCM, thermal diffusion will be more through the coolant due to the low thermal 

conductivity of PCM. The increase in coolant flow rate may cause a faster heat transfer from the TR 

cell to the adjacent cells. Therefore, the maximum temperature in the adjacent cell of the TR cell with 

the coolant flow rate of 0.3 m/s has an extremely slight increase compared to the coolant flow rate of 

0.2 m/s. 

 
Fig. 7. Impact of coolant velocity on average cell temperature of cells during the single-cell TR event 
for the novel hybrid active-passive BTMS: (a) copper foam with a porosity of 0.7; (b) copper foam 
with a porosity of 0.9; (c) EG-PCM 1; (d) EG-PCM 2  
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Fig. 8. Maximum temperature of Cell (4,2) under various liquid flow velocities and copper foam 
porosities during single-cell triggered TR. 

4.2 Effects of cooling methods on the thermal behavior of battery under driving cycle 

The primary function of the BTMS is to keep the temperature of the battery modules/packs within 

a narrow range (15-40 °C). As such, it is critical to assess its performance under typical battery operating 

conditions. Herein, battery thermal behaviors under an NEDC dynamic load were investigated. The 

average temperature variation of the battery module at a coolant velocity of 0 m/s-0.3 m/s is depicted 

in Fig. 9. Copper foam with high thermal diffusivity can rapidly dissipate the heat generated by the 

battery cells. PCM can absorb massive heat, benefiting from its high latent heat. The findings showed 

all cases examined, the average temperature and temperature differential of the battery module was kept 

below 30 °C and 0.2 °C, respectively. Under the NEDC load cycle, the battery module employing 

passive cooling can effectively eliminate the parasitic power consumption caused by active liquid 

cooling, thereby reducing the cost and size of BTMS. 
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Fig. 9. Temperature of the battery module with coolant velocity from 0m/s to 0.3 m/s under NEDC: 
(a) copper foam with a porosity of 0.7; (b) copper foam with a porosity of 0.9; (c) EG-PCM 1; (d) 
EG-PCM 2 

Fig. 10 shows the maximum temperature difference among cells at the coolant velocity of 0 - 0.3 

m/s under the NEDC dynamic driving cycle. In the no-coolant cooling case, the temperature uniformity 

between cells is sufficient under driving cycle conditions. The maximum temperature difference 

between the battery cells is limited within 0.2 °C. The maximum temperature difference (∆𝑇𝑇) is defined 

by the difference between the highest temperature cell (𝑇𝑇�𝑚𝑚𝑎𝑎𝑎𝑎) and the lowest temperature cell (𝑇𝑇�𝑚𝑚𝑚𝑚𝑚𝑚) 

in the module: 

 ∆𝑇𝑇 = 𝑇𝑇�𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇�𝑚𝑚𝑚𝑚𝑚𝑚 (13) 
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Fig. 10. Maximum cell-to-cell temperature difference in the module using various cooling strategies 
under NEDC. 

4.3 Effects of cooling methods on the thermal behavior of battery under 3C-rate 

Fig. 11 depicts the average temperature of the battery module during the 3 C constant 

charge/discharge cycle. The copper foam maintained a uniform temperature distribution effectively. 

When the module temperature reaches the phase transition temperature range, PCM with a high latent 

heat absorbs heat to maintain the module temperature within the phase transition temperature range. 

With EG-PCM, the maximum temperature of the cell can be limited to near the phase transition 

temperature, which is lower than with copper foam. However, once the battery temperature rises above 

the PCM phase transition temperature, the non-uniformity of the temperature of cells in the module is 

enlarged. Fig. 12 exhibits the average temperature of the module and temperature of selected cells with 

the novel hybrid BTMS. Active liquid cooling effectively reduces the temperature rise of the battery 

module. Except for LC-EG-PCM 1, the maximum temperature of the battery module was less than 

27 °C. In comparison to EG-PCM, liquid cooling has a greater impact on copper foam. Compared with 

pure passive cooling, the average temperature of the battery module with copper foam porosity of 0.9 
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and EG-PCM 2 decreased by 72.5% and 52.7% at the coolant flow rate of 0.3 m/s. A copper foam with 

a lower porosity can improve the cooling performance. However, this advantage comes at the cost of a 

greater copper foam mass. 

 
Fig. 11. The temperature variation of the battery module and selected cells using BTMS without 
coolant cooling under various cooling methods: (a) copper foam with a porosity of 0.7; (b) copper 
foam with a porosity of 0.9; (c) EG-PCM 1; (d) EG-PCM 2  
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Fig. 12. Average temperature of the battery module and selected cells (a) copper foam with a porosity 
of 0.7; (b) copper foam with a porosity of 0.9; (c) EG-PCM 1; (d) EG-PCM 2  

Fig. 13 depicts the average temperature of the module with varying porosity and coolant velocity. 

The temperature rise of the battery module is inversely correlated to the flow rate. The temperature of 

the battery module fluctuates only slightly between 25.9 °C and 30.8 °C when the porosity and coolant 

velocity is varied. Fig. 14 illustrates the average temperature difference between cells in a module. With 

no coolant flow, the maximum temperature difference in the battery module using EG-PCM 1 and EG-

PCM 2 reach 7.4 ℃ and 4.2 ℃, respectively. The maximum temperature difference between cells in 

the module using LC-EG-PCM 1 and LC-EG-PCM 2 was reduced to 2.0 ℃ and 1.6 ℃, respectively. 

The results revealed that copper foam can effectively enhance the uniformity of temperature distribution 
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in the battery module due to its high thermal conductivity. The maximum temperature difference in the 

battery module with LC-CF is only 1.4 °C.  

 

Fig. 13. Average temperature of battery module at different porosity and coolant velocity 

 

Fig. 14. Maximum cell-to-cell temperature difference in the module under 3 C constant current 

5. Conclusion  

In this study, a numerical analysis was conducted into the inhibiting effects of a novel hybrid 

BTMS combining active and passive cooling on TR propagation caused by single cell. EG-PCM and 

copper foam as passive cooling materials are independently utilized for thermal management. 
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Additionally, the effects of coolant flow rates and material on the temperature rise and temperature 

uniformity of the battery module were studied under a load of NEDC driving cycle and 3C discharge 

rates. The conclusions drawn from the study can be summarized as follows: 

1) Thermal runaway propagation in the battery module can be effectively prevented by 

incorporating active liquid cooling and passive cooling. The hybrid BTMS using copper foam with 

porosity of 0.7 and EG-PCM with a melting temperature of 52°C and thermal diffusivity of 9.68 mm2/s 

can limit the maximum temperature of the battery cell (except TR cell) to 48.9°C and 66.2°C, 

respectively, which were below the safety threshold (80 °C). 

2) Porosity determines the heat dissipation performance of the copper foam in the proposed hybrid 

BTMS. The maximum cell temperature (except for the TR cell) can be reduced from 60.7 °C to 48.9 °C 

(-19.4 %) if the porosity of copper foam is changing from 0.9 to 0.7.  

3) The numerical analysis results showed that under the NEDC driving cycle, PCM or copper foam 

can effectively maintain temperature uniformity and temperature rise within the optimal range. 

4) Active liquid cooling can transmit the heat stored in passive cooling materials and enhance the 

heat dissipation capacity of BTMS. The average temperature of the battery module with active cooling 

can be up to 72% lower than the battery module without active liquid cooling under the 3C discharge 

rate.  

6. Limitations and future research  

This study has some limitations in experimental verification and optimization of thermal 

management systems. In future research, the authors will experimentally investigate the thermal 

runaway propagation process and the thermal behavior of battery modules under various active/passive 



 

 

cooling strategies. Based on finite element analysis, the optimization works of the battery thermal 

management system in parasitic power consumption, volume, and heat dissipation will also be 

conducted. 

Appendix  

 

Fig. 1A. Average temperature of battery module with hybrid active-passive BTMS at a 10 heat 

generation rate 

 

Fig. 2A. Average temperature of battery module with passive BTMS at a 10 heat generation rate 
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Fig. 3A. Average cell temperature of three selected batteries during the single-cell TR event for 

BTMS with natural air cooling  
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