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With rapid transition from conventional vehicles to electric vehicles (EVs), Battery Thermal 

Management System (BTMS) is becoming a research hotspot. This research presents the 

design and optimization of a BTMS which uses heat pipe (HP) and phase change material 

(PCM) to enhance the thermal management performance of battery pack. The goal of this 

research is to reduce the maximum temperature for battery packs below the upper limit of 

optimal operating temperature range for Li-ion batteries. A computational fluid dynamics 

(CFD) model is developed through Ansys Fluent to simulate BTMS thermal performance 

with various HP thickness and PCM thickness under 3C discharge rate. This study indicates 

that by increasing HP and PCM thickness, BTMS thermal performance is improved but the 

defined design target has not been fully achieved. Considering anisotropic thermal conduc-

tivity of battery, this thesis proposes a novel BTMS configuration, applying HPs to thinner 

surface of battery to dissipate more heat. The newly designed BTMS achieves a lower max-

imum temperature and temperature gradient, which is 39.82 ℃ and 1.13 ℃. This result ful-

fills the performance criteria of the system. With additional advantage, new design reduces 

heat pipe material usage by 24.69%. The findings contribute to developing an efficient, cost-

effective thermal management system for EV batteries. 
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SYMBOLS AND ABBREVIATIONS  

Roman characters 

cp  specific heat capacity J/ kg•K 

d thickness  m, mm 

f liquid fraction  

h specific sensible  J/kg 

heat enthalpy  

H total specific enthalpy J/kg 

k thermal conductivity W/m•K 

L latent heat  J/kg 

P absolute pressure Pa 

ρ density  kg/m3 

R thermal resistance m2•K/W 

t  time  s  

T temperature  ℃, K 

 

Greek characters 

µ dynamic viscosity P •s 

 

Constants 

Am mushy zone constant  105 kg•m-3•s-1 

ε smoothing parameter 0.001 

g gravitational acceleration 9.81 m/s 

 



 
 

Subscripts 

c cell 

l layer 

ref reference 

 

Abbreviations 

BTMS Battery Thermal Management System 

CFD Computational Fluid Dynamics 

HP Heat Pipe 

PCM Phase Change Material 

PRESTO! PREssure STaggering Option 

SIMPLE Semi-Implicit Method for Pressure Linked Equations 
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1  Introduction 

With the development of industry, infrastructure, technology, many benefits we have gained 

from that. However, environmental issues like climate change and global warming are be-

coming increasingly severe nowadays. Greenhouse gas emission is an important factor caus-

ing climate change and requires urgent attention. According to “Climate Change 2023 Syn-

thesis Report” published by the Intergovernmental Panel on Climate Change (IPCC 2023, 

44), in 2019, there are about 15% of net global emissions contributed by transport amounting 

to 8.7 GtCO2-eq and is the third largest sector. It is predicted that in 2023 the proportion of 

oil utilized in transport will increase to 54% of the world’s oil by 2030 (IEA 2004, 58). To 

reduce the use of fossil fuel in transport, promoting the utilization of electric vehicles (EVs) 

is a feasible alternative. Sales of EVs have been increasing in recent years, in 2023 sales 

increased by 35% compared with the previous year, and the growth rate has been increasing 

since 2018 (IEA 2024, 17).  

1.1  Introduction for Li-ion batteries for electric vehicles 

Battery types are varied, such as Lead-acid batteries (Spanos, Turney and Fthenakis, 2015), 

nickel-cadmium batteries (Garcia-Plaza et al., 2015) and nickel-metal hybrid batteries (Zhu 

et al., 2016). For EVs, Lithium-ion batteries are widely used, which are recognized as the 

best due to their high energy density and energy efficiency (Hannan et al., 2018). Table 1 

presents typical properties of battery types mentioned above. 

 

Table 1. Comparison between typical types of battery 

Battery type 

Lead-acid 

(C. Spanos 

et al., 2015) 

Ni-Cd (M. 

Garcia-Plaza 

et al., 2015) 

Ni-MH (Y. 

Zhu et al., 

2016) 

Li-ion (M. T. 

Sougrati et 

al., 2016) 

Energy 

Density (Wh/kg) 
30-50 45-80 60-120 110-160 

Energy Efficiency 70 60-90 75 80 
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From the table, by comparing each property, it can be observed that Li-ion batteries have 

superior performance compared with others. 

The high energy density of Li-ion batteries makes them an optimal option for EVs, but con-

sequently, safety issues related to battery operation have become more important (Khan et 

al., 2023). Due to the temperature sensitivity of Li-ion batteries, thermal issues are important 

factors that need to be fully considered when applied in EVs. High operating temperature 

can lead to serious issues such as reduced battery lifespan and thermal runaway (Wankhede, 

More and Kamble, 2024). 

For Li-ion batteries, the working temperature is an important factor in their performance, 

though the range of working temperature supplied by manufacturers is wide, which is -30 ℃-

60 ℃. However, when cells operating temperature exceeds to 50 ℃, cycle life will be re-

duced (Mali et al., 2021).  

1.2  Battery thermal management 

Battery thermal management is thus important. In recent studies there are different ways to 

manage thermal performance for battery systems. According to the level of parasitic power 

required, cooling methods are typically classified into three types: active, passive and hybrid 

cooling. For active cooling, among various methods, wind cooling and liquid cooling are 

typically used. While wind cooling mainly dissipates heat through free and forced convec-

tion with air, and is primary achieved by using fans, it has relatively simple structure, but 

cooling effectiveness mainly depends on ambient temperature. Liquid cooling dissipates 

heat by circulating coolants through pipe or channels in contact with battery packs, therefore 

heat generated by batteries can be absorbed and brought out through condensate, it has high 

effectiveness and can achieve uniform temperature distribution, but system usually has a 

complicated structure and incurs high costs in manufacturing and maintenance. For passive 

cooling which does not consume power from the system, primarily relies on latent heat while 

phase changing and natural heat convection, such as phase change materials (PCMs), heat 

pipes (HPs) and fins, PCMs can absorb a large amount of heat while phase changing but fail 

to maintain uniform temperature due to their low thermal conductivity. HPs transfer heat via 

evaporation and condensation of internal working coolant, but hard to manufacture due to 

their complex structure, and fins enhance system’s heat dissipation performance by 
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increasing heat transfer area, they are easy to be produced but leads significant temperature 

gradients. Another widely used method is hybrid cooling. This method combines both active 

and passive cooling such as liquid cooling combined with PCMs, winding cooling combined 

with HPs (Liu et al., 2024). As passive cooling methods, PCMs and HPs are high-perfor-

mance and economical way for battery management system (BTMS). This section mainly 

focuses on introducing the current research for BTMS which applies PCMs and HPs. 

1.2.1  Systems based on phase change materials 

The working principle for PCMs in BTMS is to absorb latent heat while phase changing. In 

the past few decades, PCMs have been increasingly used because of their high operating 

temperature and long service life. Based on the type of phase change, PCMs can be classified 

into two categories: Liquid to Gas and Solid to Liquid. Selection of PCMs mainly depends 

on specific application requirements (Subramanian et al., 2021). According to classification 

of materials’ chemical composition, PCMs are generally categorized into two main classes: 

organic and inorganic. Organic PCMs mainly include paraffins (e.g., octadecane, eicosane), 

fatty acids (e.g., lauric acid, myristic acid), alcohols and esters, organic PCMs have high 

thermal stability, abundant and cost effective but are low in thermal conductivity. Inorganic 

PCMs mainly include salt hydrates (e.g., disodium phosphate dodecahydrate) and metals 

(e.g., lead, zinc). Inorganic PCMs typically have high latent heat and good thermal conduc-

tivity; they are prone to phase change separation and volume changed significantly while 

phase changing (Peng, et al., 2020).  

Bais et al. (2022) carried out research to determine critical thickness for RT-42 paraffin, they 

compared the thermal management performance at 7 different thicknesses for PCM (1 mm 

to 7 mm). The operating condition of batteries are under 3C discharge rate-where C refers 

to the battery’s charging or discharging rate relative to its nominal capacity (e.g., 1C indi-

cates a battery fully charged or discharged in one hour). Considering effectiveness and safety 

operation, 4 mm thickness PCM exhibits the best behavior, the maximum temperature can 

be regulated under 42.92 ℃ (Bais, Subhedar, and Panchal, 2022). 

Singh et al. (2022) conducted a study for the BTMS combining PCM and air cooling. Ac-

cording to their research, they found that when air is at static state, the cooling performance 

of BTMS almost kept constant with various battery cells arrangement. When air cooling was 
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applied alone, the cooling performance decreased with heat rate increasing. PCM has signif-

icant enhancements to thermal management performance, when applying 1mm thickness 

PCM, the maximum temperature decreased to 30 ℃ at 1 C and 45 ℃ at 5C, that because 

with discharge rate increasing, heat generation by cells will increase also, PCM will thus 

melt sufficiently (Singh, Gupta, and Sharma, 2022). 

1.2.2  System based on heat pipes 

HPs are high-efficiency heat exchangers and are widely used in different regions. Moreover, 

they also provide an effective method for battery thermal management (Kumar, Dwivedi and 

Goel p.185-194, 2024). HPs are vacuum-sealed pipes which are filled with working fluid. 

HPs can be divided into three parts: condensing section, adiabatic section (optional) and 

evaporating section. The working principle of HPs is to absorb heat through the evaporation 

of working fluid and transfer it to the condensing section, through heat convection with out-

side air or other cooling methods, evaporated working fluid will condense into liquid and 

heat will be removed from system (Weragoda, et al., 2023).  

HPs exhibit effective cooling performance when applied to BTMS. Worwood et al. (2017) 

applied HPs to BTMS for the 18650 and 32113 cells separately. The 18650 cells, which had 

a time-averaged heat generation rate of 3.11 W, by applying HP, the maximum temperature 

was reduced to 43.46 ℃, and max temperature difference was decreased to 4.52 ℃ which 

are 17.7% and 67.0% lower compared with radial cooling. For 32113 cells, when 6 mm HPs 

were applied, the maximum temperature can be reduced from 49.39 ℃ to 40.35 ℃, and 

maximum temperature difference was decreased from 15.81 ℃ to 4.86 ℃ (Worwood et al., 

2017). 

To enhance the cooling performance of HPs, they can be combined with other cooling meth-

ods. Wang et al. proposed a BTMS which combined with fins and HP (FHP), the heat is 

transferred to condensing section and then dissipated into ambient environment through the 

fins. According to their research, compared with natural convection, maximum temperature 

under 1 C discharge rate can be reduced by 4.65 ℃, for 2 C, the maximum temperature can 

be maintained under 40 ℃, and for 3 C the BTMS performance was enhanced, maximum 

temperature was decreased by 11.97 ℃. 
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1.2.3  Combined PCM and HP based systems 

Although previous research mentioned above has discussed thermal performance of BTMS 

utilizing PCMs and HPs from multiple aspects, few have investigated the thermal manage-

ment performance of PCM combined with heat pipe under high discharge rate, also rarely 

discusses influence of HPs thickness on heat dissipation performance for BTMS. Chen et al. 

(2021) do the optimization of a HP-PCM system under 5C battery discharge, with optimiza-

tion of PCM thickness, maximum temperature difference of battery pack was reduced to 

30%. Similarly, Huang et al. (2018) carried a study of a HP-PCM system used for 18650 Li-

ion battery pack, according to their design of BTMS, under 3C discharge rate, the maximum 

temperature was reduced to 44.84 ℃. Moreover, in master’s thesis by He (2024), a new 

configuration of BTMS was proposed, according to the study, under 3C discharge the max-

imum temperature was regulated under 40.2 ℃.  

1.3  Scope of the present study 

This research aims to optimize the thermal management performance of BTMS which is 

applying HP-PCM cooling system. The BTMS geometry in this thesis will be based on the 

model proposed by He (2024) and do further optimizations and design. By comparing the 

performance under various HP and PCM thickness, the relationship between these two de-

sign variables and thermal regulation will be examined. Based on simulation results, a new 

BTMS will be proposed. 
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2  Modelling of battery thermal management system 

This chapter discusses the material properties of each component in BTMS including PCM, 

HP and battery. BTMS geometry, numerical models, grid meshing as well as single battery 

simulation are also mentioned in this part. 

2.1  Physical & Thermal properties of elements in BTMS 

This section focuses on physical and thermal properties of PCM, HP and battery which are 

used in BTMS. Due to the complecated structure of these three elements, simplification ap-

proaches are applied. 

2.1.1  Properties of PCM 

Regarding to PCM selection, given that the maximum operating temperature of battery 

should be below 50 ℃, to enable the PCM to function, its melting point should be lower 

than this value. This study selected RT-42 (paraffin) as operating PCM which is a commer-

cial PCM developed by Rubitherm Technologies GmbH. First, its melting range meets the 

requirement which is 38-43 ℃. Second, it has significant latent heat, which can effectively 

absorb heat generated by batteries. Another benefit for paraffin is the volume change is in-

significant while melting. This way paraffin will not expand too much, which is appropriate 

for it to be utilized in sealed and compact size like battery shells. Also, in terms of safety, 

paraffin is a non-toxic material and has consistent thermal performance (Sun et al., 2019). 

Specific thermos-physical properties for RT-42 are shown in Table 2 (Dukhan, Dhaidan and 

Al-Hattab, 2020).  
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Table 2.  Thermo-physical properties of RT-42 

Thermal and Physical properties Value 

Thermal conductivity (W/m•K) 0.2 

Solidus temperature (℃) 38 

Liquids temperature (℃) 43 

Latent heat (J/kg) 174000 

Specific heat capacity (J/(kg•K)) 2000 

Density solid (kg/m3) 880 

Density liquid (kg/m3) 760 

Viscosity (kg/m•s) 0.001372 

Thermal expansion coefficient (K-1) 0.0008 

 

The geometry dimensions of PCM will be introduced in section 2.2.1. 

2.1.2  Properties of HP 

For the thermal properties of HP, they differ between condensing and evaporating sections. 

In this paper, to simplify simulation, it is assumed that the thermal properties of HP are 

uniformly distributed. The thermo-physical values can be determined through volume-aver-

aged method, specific values are shown in Table 3 (Guo et al., 2023). 

 

Table 3. Thermal and Physical properties of HP 

Density (kg/m3) 1350 

Heat capacity (J/kg•K) 1100 

Thermal conductivity (W/m•K) 10340 

Length for condensation section (mm) 50 

Length for evaperation section (mm) 120 

 

Geometry dimensions for HP will be introduced in section 2.3. 

2.1.3  Properties for Li-ion Battery 

The inner construction for Li-ion batteries is complex. As Figure 1 shows: 
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Figure 1. Basic configuration of a Li-ion battery (Jauch Quartz GmbH, Jauch Battery Solu-

tions GmbH p.5, 2018) 

 

As shown in the figure above, it can be observed that the basic structure of Li-ion battery 

includes foil punch, cathode, anode and separation layer. Thermal properties of each element 

are different, so it is hard to consider them separately during simulation. To simplify the 

analysis, for cell density and specific heat capacity, volume- and mass-averaged methods are 

used, as shown in Equations (2.1) and (2.2). 

𝜌c =
∑𝜌𝑙𝑉𝑙
𝑉𝑐

 (2.1) 

𝑐𝑝,c =
∑𝜌𝑙𝑉𝑙𝑐𝑝,𝑙

𝑀𝑐

(2.2) 

For equation (2.1), 𝜌 is density (kg/m3), 𝑉 is volume (m3). 

For equation (2.2), 𝑐𝑝 is equivalent specific heat capacity (J/kg•K), 𝑀 is mass (kg). 

In terms of thermal conductivity of cells, from Figure 1 it can be observed that, in x, y direc-

tions thermal resistance of each layer is arranged in parallel, while in z direction it is in series. 

Thus, thermal resistance in x, y direction is lower than that in the z direction. By analogy, 

the thermal conductivity is largest in x, y direction and smallest in z direction. The equivalent 

thermal resistance in x, y directions is calculated using Equation (2.3) below: 

𝑅x = 𝑅y =
𝑘c,x
𝑑c

=
𝑘c,y

𝑑c
= ∑

𝑘𝑙
𝑑𝑙

(2.3) 
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Where 𝑅 is thermal resistance (m2•K/W), 𝑘 is thermal conductivity (W/m•K), 𝑑 is thickness 

(m). 

From Equation (2.3), equivalent thermal conductivity can be re-written as: 

𝑘c,x = 𝑘c,y =
∑
𝑘𝑙
𝑑𝑙
𝑑c

(2.4) 

For equivalent thermal resistances in z direction: 

𝑅z =
𝑘𝑧
𝑑c
=

1

∑
𝑑𝑙
𝑘𝑙

(2.5)
 

Re-write Equation (2.5): 

𝑘z =
1

∑
𝑑𝑙
𝑘𝑙

𝑑c (2.6)
 

By applying equations above, equivalent values for cell properties are shown in Table 4 

below (Ding et al., 2022): 

 

Table 4. Thermal and Physical properties of Li-ion battery 

Density (kg/m3) 2200 

Heat capacity (J/kg•K) 1360 

Thermal conductivity (W/m•K) 25/25/1 (kc,x, kc,y, kc,z) 

Heat generation rate of 3C (W/m3) 52000 

Battery geometry dimension (mm) 66 × 18 × 120  

(L × W × H) 

 

2.2  Model building and verification 

To compare the performance of different BTMSs and to identify optimum system, ANSYS 

Fluent is used for simulation, which is a commercial software specialized in Computational 
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Fluid Dynamics (CFD) analysis. This section covers model setup for BTMS simulation, and 

grid independence verification. 

2.2.1  Geometry of BTMS 

The structure of the thermal management system is inspired by the design proposed in master 

thesis by He (2024). BTMS geometry model was created using SolidWorks, a professional 

3D modelling software. The assembly was then imported into ANSYS DesignModeler and 

subsequently processed in ANSYS workbench utilizing Fluent module. 3D model of BTMS 

is shown in Figure 2 below: 

 

 

Figure 2. 3D model of BTMS 

 

In the geometry shown above, the dimensions of PCM are 147 mm × 143 mm × 125 mm (L 

× W × H). The cell spacing is 5 mm, 3 mm-thick HPs are inserted between cells in the PCM. 

Considering the symmetry of the BTMS both in terms of geometry and boundary conditions, 

to improve the efficiency of the simulation, the geometry was halved along the y-z symmetry 

plane. The final version of BTMS in DesignModeler is shown in Figure 3. 
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Figure 3. Simplified BTMS model 

 

As Figure 3 shown above, the geometry is after simplification which is simulated in Fluent. 

 

2.2.2  Numerical model for BTMS 

This section mainly discusses the numerical modelling of BTMS based on three conservation 

laws: energy, momentum and mass conservation. The BTMS in this paper is primarily con-

cerned with natural convection at heat pipe, battery top surface, heat conduction between 

HP-PCM and PCM-Cells. The phase change process of the PCM, which includes condensing 

and solidification, is also considered. To contribute numerical models of the BTMS, the fol-

lowing assumptions are made: a) Boussinesq assumption is applied account for density var-

iation during phase change. b) Laminar model is adopted for the PCM. c) PCM is assumed 

to be incompressible. d) Heat radiation is neglected. 

Based on assumptions made above, governing equation for PCM can be written as: 

For continuity equation： 

𝛻 ⋅ 𝑣⃗ = 0 (2.7) 

Where, 𝑣 is velocity (m/s). 

For Energy equation: 
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𝛻 ⋅ (𝑣⃗ ⋅ ℎ) +
𝜕𝐻

𝜕𝑡
= 𝛻 (

𝑘PCM
𝜌PCM ⋅ 𝑐𝑝,PCM

𝛻ℎ) (2.8) 

Where ℎ is specific enthalpy (J/kg), 𝑡 is time (s). 

For total enthalpy which is the sum of sensible enthalpy and latent heat enthalpy: 

𝐻 = ℎ + 𝛥𝐻 (2.9) 

For sensible enthalpy where can be represented as function (2.10) below: 

ℎ = ℎref +∫ 𝑐𝑝,PCM

𝑇

𝑇ref

(𝑇) 𝑑𝑇 (2.10) 

For specific heat capacity for PCM, typically change with temperature, in this paper to do 

simplification, we set 𝑐𝑝,𝑃𝐶𝑀 as constant value. 

For latent heat enthalpy, which can be written as: 

Δ𝐻 = 𝑓𝐿 (2.11) 

Where 𝑓 is liquid fraction which change with state of PCM, 𝐿 is latent heat for phase chang-

ing (J/kg). 

More specifically, for liquid fraction which can be expressed as: 

𝑓(𝑇) =

{
 
 

 
 0, 𝑇 < 𝑇solid

𝑇 − 𝑇solid
𝑇liquid − 𝑇solid

, 𝑇solid ≤ 𝑇 ≤ 𝑇liquid

1, 𝑇 > 𝑇liquid

(2.12) 

 

For momentum conservation equation: 

−
∂𝑉⃗⃗

∂𝑡
+ 𝑉⃗⃗ ⋅ (∇𝑉⃗⃗) =

1

𝜌PCM
(−∇𝑃 + 𝜇PCM∇

2𝑉⃗⃗ + 𝜌PCM𝛽PCMg⃗⃗(𝑇 − 𝑇liquid) + 𝑆) (2.13) 

For source term 𝑆, we apply Enthalpy-Porosity method to represent it which was shown as 

Equation (2.14): 

𝑆 = −Am
(1 − 𝑓(𝑇))

2

𝑓(𝑇)3 + ε
𝜈⃗ (2.14) 

Where Am is mushy zone constant, ε is a smoothing parameter. 
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For energy conservation equation of HP which can be shown as Equation (2.15) below: 

𝜌HP𝑐𝑝,HP
𝜕𝑇HP
𝜕𝑡

= 𝑘HP∇
2𝑇HP (2.15) 

Where for thermal conductivity of HP are seen as isotropic. 

In this paper, the maximum cells temperature Tmax and cells maximum temperature differ-

ence ΔTmax are selected to assess the thermal management performance of BTMS. Here, 

ΔTmax refers to the difference between maximum and minimum cells temperatures. 

For the boundary condition setup in Fluent, a transient simulation was conducted, gravity 

was set to 9.81m/s2 in negative z-direction. The ‘Energy Equation’ was enabled to perform 

the thermal behaviors of BTMS. ‘Solidification & Melting’ was activated to simulate phase 

change process of the PCM. The ambient temperature was set to 25 ℃. For solution methods, 

Semi-Implicit Method for Pressure Linked Equations (SIMPLE) was utilized to solve tran-

sient simulation, for pressure correction equation, PREssure STAggering Option (PRESTO!) 

was applied. Second Order Upwind method was used to solve momentum and energy equa-

tions. The convergence criteria were set to 1e-03 for continuity and for the velocity compo-

nents in the x, y and z directions, and to 1e-06 for energy. The initial temperature was set 

qual to the ambient temperature. This research focuses on battery thermal performance under 

3C discharge rate, which corresponds fully discharged time of 20 minutes (1200 s), 1 s was 

set for time step to balance accuracy and efficiency of simulation. 

2.2.3  Grid independence verification 

Meshing is an important procedure before conducting the simulation. An appropriate number 

of mesh elements can enhance computational efficiency under acceptable accuracy. In this 

paper, both structured and unstructured grids are applied for BTMS. For cells, HP and the 

interface with PCM, structured grid is used, since the thermal behavior of these sections is 

of primary interest. Unstructured grid is applied to PCM, because outer surface of PCM is 

insulated, thermal behavior is insignificant, using unstructured grid can improve efficiency.  

The model is divided into different amounts of mesh elements: 150000, 200000, 320000 and 

410000. By running simulations with different mesh sizes, maximum temperature, minimum 
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temperature and maximum temperature difference can be compared to determine optimal 

mesh size. The specific values are shown in Table 5 below.  

 

Table 5. Results for different number of mesh elements 

Number of cases Elements (105) Tmax (℃)  Tmin (℃) ΔTmax (℃) 

1 15 40.27823 38.8341 1.44413 

2 20 40.2745 38.80471 1.46979 

3 32 40.26393 38.73702 1.52691 

4 41 40.25371 38.72683 1.52688 

 

Compared with results of largest elements size, the difference for maximum temperature 

difference and minimum temperature are both under 1% which is an acceptable accuracy. 

However, for maximum temperature difference, significant difference can be observed, the 

image is shown in Figure 4 below: 

 

 

Figure 4. Trend of maximum temperature difference 

 

As shown in Figure 4, the maximum temperature difference shows minimal change from 

Case 3 to Case 4. Compared with Case 4, the relative errors in maximum temperature dif-

ference for Case 1 and Case 2 are 5.42% and 3.74%. For Case 3 the difference was under 

1%, which indicates good agreement with Case 4. Overall, 320000 is selected as the final 

mesh size for its relatively high accuracy and low computational cost. 
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The final grid for simulation is shown in Figure 5: 

 

 

Figure 5. Mesh of BTMS model (320,000 mesh elements) 

 

From the figure, it can be observed that mesh quality is acceptable, the maximum skewness 

is 0.847, average skewness is 0.265, which are both satisfy the requirements for CFD simu-

lation. 

2.2.4  Simulation for single battery 

To evaluate the effectiveness of BTMS for thermal management, a simulation was per-

formed for a single Li-ion battery under nature convection only. A natural convection con-

dition was applied for cells top surface. To ensure fair comparison, adiabatic condition is 

applied to cells’ wall. Other conditions were kept the same. The contour of temperature dis-

tribution at final time step is shown in Figure 6. 
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Figure 6. Temperature contour of single battery unit 

 

From the contour, it can be found that the highest temperature (47.35 ℃) occurred at bottom 

region of the cell wall. This is attributed to the fact that heat can only dissipate through the 

top surface of the cell. 
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3  Optimization of battery thermal management system 

This section mainly focuses on reducing the maximum temperature, maximum temperature 

difference and average temperature of BTMS. The optimization objective is to reduce max-

imum temperature within 40 ℃ which is the upper limit of Li-ion battery optimal operating 

temperature range, and to control maximum temperature difference of cells below 5 ℃ (Luo 

et al., 2022). 

To achieve the goal, varied thicknesses of the HP and the PCM are independently applied 

into the simulations. A 3 mm-thick heat pipe and a 5 mm-thick PCM are applied to the 

simulation initially as basic case. Subsequently, thickness of HP and PCM are varied by ±1 

mm to investigate the effectiveness for BTMS optimization results. 

3.1  Optimization by changing HP thickness 

This section carried out the optimization of HP thickness in BTMS. HP thickness is set to 2 

mm, 3 mm and 4 mm separately. Theoretically, by decreasing HP thickness, the heat transfer 

area will increase, allowing more latent heat to be utilized. To another aspect, increased heat 

transfer area will reduce system temperature, melting condition of PCM will be consequently 

affected. To determine which factor is more significant, simulations are conducted. 

3.1.1  Thermal management performance for 3mm heat pipe 

By applying 3 mm heat pipe, the highest temperature is 40.26 ℃ which is 7.09 ℃ lower 

than that only with natural convection. However, the target maximum temperature (under 

40 ℃) is still not achieved. Maximum temperature difference of the system is 1.53 ℃ and 

fully satisfied the requirement. There are two possible reasons which limit the performance 

of temperature reduction for the system. First, heat transfer enhancement brought by heat 

pipe is limited, contact area between HP and PCM is comparatively small, therefore, heat 

transfer area is limited. Second, the latent heat of PCM has not been utilized sufficiently. 

Figure 7 shows liquid fraction and temperature contours of the PCM and the battery cell 

pack. 
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Figure 7. Contours of PCM liquid fraction (left) and cells temperature distribution (right) 

(basic case) 

 

From PCM liquid fraction contour, it can be found that the section of PCM in contact with 

the side surface of cells shows the most significant melting, other regions exhibit limited 

melting conditions. The volume-averaged liquid fraction of PCM is 0.070. According to the 

temperature contour of battery pack, it can be also observed that the highest temperature 

concentrates in the side regions of the cells. 

3.1.2  Thermal management performance for 4mm heat pipe 

Increasing HP thickness will increase heat transfer area of the system, but thermal resistance 

of HP will increase also. Thus, the result can be directly concluded. Simulation results shows 

that the maximum temperature of cells in BTMS is 40.02 ℃. The maximum temperature 

difference is 1.39 ℃. Again, this configuration didn’t meet the criterion of maximum tem-

perature. Contours of PCM liquid-fraction and BTMS temperature distribution are shown in 

Figure 8 below: 
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Figure 8. Contours of PCM liquid fraction (left) and cells temperature distribution (right) 

(4 mm HP) 

 

Compared with the case with 3 mm heat pipe, the average PCM liquid-fraction is lower, but 

it contributes more uniformly. This is because by increasing HP thickness, more heat can be 

dissipated efficiently, thus less fraction of PCM is melted. In addition, the high conductivity 

of HP leads to more uniform temperature distribution. Thus, the utilization of PCM latent 

heat is lower than previous cases. The enhancement of BTMS thermal performance is mainly 

achieved by increasing heat transfer area of HP. 

3.1.3  Thermal management performance for 2mm heat pipe 

To improve utilization of PCM latent heat, reducing heat pipe thickness is a possible ap-

proach. For the case with 2mm thickness heat pipe, the simulation shows that the maximum 

temperature of cells is 40.46 ℃ which is even worse than basic case. The contours of PCM 

liquid-fraction and cells temperature are shown in Figure 9.  
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Figure 9. Contours of PCM liquid fraction (left) and cells temperature distribution (right) 

(2 mm HP) 

 

As shown in the liquid-friction contour, more fraction of PCM is melted. The volume-aver-

aged liquid-fraction of PCM is 0.087, which is larger than that in other cases. This indicates 

that while changing thickness of HP, increasing the thickness will improve overall thermal 

performance of BTMS. Although PCM will melt more in the case with thinner HP, the 

amount of heat absorbed by PCM while melting is less effective compared with that trans-

ferred though HP to ambient environment.  

3.2  Optimization by changing PCM thickness 

This section focuses on the optimization of PCM thickness in BTMS. PCM thickness is set 

to 4 mm and 6 mm separately. Theoretically, by decreasing PCM thickness, the fraction of 

melted PCM will increase, allowing more latent heat to be utilized. To another aspect, in-

creasing PCM thickness enlarges its volume, heat capacity is thus increased. Further simu-

lations are required to be conducted to determine the importance of each aspect. 

3.2.1  Thermal management performance for 4 mm PCM 

With other properties kept constant and only reduced PCM thickness to 4 mm. Contours of 

PCM liquid-fraction and cells temperature are shown as Figure 10: 
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Figure 10. Contours of PCM liquid fraction (left) and cells temperature distribution (right) 

(4 mm PCM) 

 

It can be found that, compared with the original case, the liquid-fraction of the PCM in-

creased, with 0.095 of volume-average value. However, the cells maximum increased to 

40.35 ℃. Although more heat is absorbed due to increased PCM liquid-fraction, simulation 

results turned out otherwise. A reasonable explanation is that the benefits brought by extra 

melting for PCM cannot exceed the advantages brought by heat capacity enhancement with 

PCM thickness increasing. This suggests that, without utilizing PCM latent heat, increasing 

PCM volume alone can still enhance system thermal performance. 

To investigate the role of PCM in BTMS, a set of numerical experiments was conducted. 

Four cases are designed, each of the case keeps boundary conditions as same as the original 

case, only heat generation and the application of ‘Melting & Solidification’ model are 

changed. The cases were divided into 2 groups. In group 1, the heat generation was kept at 

the 3C discharge rate, one case applied ‘Melting & Solidification’ model, and another serve 

PCM as solid. For group 2, compared with group 1, other properties kept the same except 

for increasing of higher discharge rate of cells to 113,000 W/m3 (5C) (Ding, Y., et al., 2022). 

From the simulations, results are shown in Table 6. 
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Table 6. Comparison of each case 

Case Tmax Tmin ΔTmax 

52000 W/m3 with melting 40.26393 38.73702 1.52691 

52000 W/m3 without melting 40.99722 39.57269 1.42453 

113000 W/m3 with melting 43.90359 40.38748 3.51611 

113000 W/m3 without melting 46.52377 43.51797 3.0058 

 

From the results shown in the table above, to investigate thermal performance of PCM 

changed with heat generation, differences in maximum temperature, minimum temperature 

and maximum temperature difference between ‘with melting’ and ‘without melting’ are 

compared. With heat generation increasing, differences for each indicator are increased. In 

another word, within a certain range, the thermal management performance of the PCM im-

proves as more heat is absorbed while phase changing. 

3.2.2  Thermal management performance for 6 mm PCM 

By adding the PCM thickness to 6 mm while keeping other parameters constant, the simu-

lation result shows that the maximum temperature of battery pack is 40.21 ℃, and for max-

imum temperature is 1.70 ℃. For PCM, liquid-fraction is smaller than the other two cases 

which is 0.055. Contours of PCM liquid fraction and cells temperature distribution are shown 

as Figure 11 below. 

 

 

Figure 11. Contours of PCM liquid fraction and cells temperature distribution (6 mm 

PCM) 
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For contour of PCM liquid-fraction, there is no significant difference compared with other 

two cases, only in the PCM region that is in contact with the side surfaces of the two outer-

most cells, the melting behavior is less significant compared to other three batteries. It can 

be found that with the thickness of PCM decreasing, liquid-fraction is more uniformly dis-

tributed.  

For this case, it can be also found that with thickness increasing, the liquid-friction decreas-

ing, and maximum temperature was decreased, this phenomenon also verifies the previous 

theory which mentioned in chapter 3.2.1. 

3.3  New design for BTMS according to simulation result 

According to previous optimization results, it can be observed that thinner surfaces of cells 

consistently exhibited higher temperature distribution. The liquid fraction contour also 

shows that PCM regions in contact with thinner surface of cells exhibit the highest extent of 

melting. This is because in direction which perpendicular with thinner surface has smallest 

thermal conductivity, it is more difficult for heat to dissipate. In contrast, thermal conduc-

tivity is higher in the other two directions, heat is easy to dissipate, leading to higher local 

temperature for cells side surface. To regulate temperature at the side surface of the cells, a 

new arrangement for HP is proposed in this research. Model configuration is shown in Figure 

12 below. 

 

 

Figure 12. New design of BTMS 
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From the figure, it can be observed that HP convers the thinner surface of battery, the inspi-

ration for this design is to utilize the high thermal conductivity of HP which can dissipate 

the heat from thinner surface immediately. The structural diagram of the new design is 

shown in Figure 13 below: 

 

 

Figure 13. Configuration of newly designed BTMS 

 

As shown in the figure above, for the new design, HP covers both side surfaces and bottom 

surface of cells, new structure can help heat extracted from cells bottom and side surface 

effectively. 

The simulation results show that maximum temperature is 39.82 ℃ which is perfectly meet 

the requirement, also maximum temperature reduced to 1.13 ℃. From these two targets, the 

newly designed BTMS perfectly meets the goal. Contours for liquid-faction and temperature 

are shown as Figure 14 below. 
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Figure 14. Contours of PCM liquid fraction and cells temperature distribution (New de-

sign) 

 

By comparing thermal performances of each design which are shown as Figure 15 below: 

 

 

Figure 15. Comparison of different designs 

 

From the figures, compared with optimization of HP and PCM, the new design stands out 

by achieving the targets of both cells’ maximum temperature and maximum temperature 

difference. Another key benefit is that, in comparison with original configuration, new de-

sign reduces heat pipe material usage by 24.69%. 
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4  Conclusions 

This research focuses on optimizing thermal performance of battery management system 

(BTMS) using heat pipe (HP) and phase change material (PCM). According to numerical 

simulations, it is found that with heat pipe increasing, the max temperature and temperature 

difference are decreasing, that was enhanced by heat transfer area increasing. With PCM 

thickness increasing, the maximum temperature for cells decreased, that because heat capac-

itance increased with volume increasing, but maximum temperature difference decreased 

because of low heat conductivity of PCM. 

From the results by optimizing BTMS through HP and PCM thickness, this paper proposed 

a new design which considers anisotropic thermal conductivity of battery. HP covers the 

side surface of cells. The max temperature meets the defined goal, also max temperature 

difference is lower than other optimization cases. 

Although the BTMS designed in this paper does improve thermal management performance, 

there is still room for further improvement. First, the actual discharge phenomenon has not 

been performed perfectly. The heat generation while discharging various with battery’s state 

of charge (SOC). As battery discharges, the temperature increases, leading to changes in 

battery’s internal resistance, Joule heating is thus affected. Second, for boundary condition 

of PCM, it is assumed to be insulated in this paper, though it is covered with shell, still can 

have heat exchange with ambient; to be more accurate, shell should be considered into the 

simulation. Third, the number of cases for optimization is limited, to obtain more specific 

thermal performance trend and determine optimal dimension, additional simulations are 

needed. Fourth, to improve thermal performance for newly designed BTMS, further optimi-

zation for HP and PCM thicknesses are required. 

In future work, more realistic boundary conditions should be taken into account. Addition-

ally, for more effective optimization, multiple dimensions required to be considered such as 

different types of HP, various PCM materials, etc.  

To conclude, this research focuses on optimization of BTMS using heat pipe and phase ma-

terial (PCM), the new design improves thermal performance of system in both temperature 
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conformity and maximum temperature regulation. With new design, max temperature of 

cells is reduced to 39.82 ℃ and max temperature difference reduced to 1.13 ℃. 

This research provides a novel approach for effective thermal management for EV batteries. 

The newly designed BTMS not only improves heat dissipation efficiency and meets the de-

sign targets but also reduces usage of material which is 24.69% material deduction compared 

to original design.  

 

 

  

  



37 
 

References 

Bais, A. R., Subhedar, D. G. & Panchal, S. 2022. Critical thickness of nano-enhanced RT-

42 paraffin based battery thermal management system for electric vehicles: A numerical 

study. Journal of Energy Storage. Vol. 52, Part A, p. 104757.  

Chen, K., Hou, J., Song, M., Wang, S., Wu, W. & Zhang, Y. 2021. Design of battery thermal 

management system based on phase change material and heat pipe. Applied Thermal Engi-

neering. Vol. 188, p. 116665.  

Ding, Y., Ji, H., Wei, M. & Liu, R. 2022. Effect of liquid cooling system structure on lithium-

ion battery pack temperature fields. International Journal of Heat and Mass Transfer. Vol. 

183, Part B, p. 122178.  

Dukhan, W. A., Dhaidan, N. S. & Al-Hattab, T. 2020. Experimental investigation of the 

horizontal double pipe heat exchanger utilized phase change material. In: IOP Conference 

Series: Materials Science and Engineering. Vol. 671, no. 1.  

Garcia-Plaza, M., Serrano-Jimenez, D., Carrasco, J. E. G. & Alonso-Martinez, J. 2015. A 

Ni-Cd battery model considering state of charge and hysteresis effects. Journal of Power 

Sources. Vol. 275, p. 595–604. 

Guo, Z., Wang, Y., Zhao, S., Zhao, T. & Ni, M. 2023. Modeling and optimization of micro 

heat pipe cooling battery thermal management system via deep learning and multi-objective 

genetic algorithms. International Journal of Heat and Mass Transfer. Vol. 207, p. 124024.  

Hannan, M. A., Hoque, M. M., Hussain, A., Yusof, Y. & Ker, P. J. 2018. State-of-the-art 

and energy management system of lithium-ion batteries in electric vehicle applications: Is-

sues and recommendations. IEEE Access. Vol. 6, p. 19362–19378.  

He, Z. 2024. Study on the heat dissipation performance of electric vehicle batteries based on 

heat pipe and phase change materials. Master’s thesis. Hebei University of Technology. (In 

Chinese) 

Huang, Q., Li, X., Zhang, G., Zhang, J., He, F. & Li, Y. 2018. Experimental investigation of 

the thermal performance of heat pipe assisted phase change material for battery thermal 

management system. Applied Thermal Engineering. Vol. 141, p. 1092–1100.  



38 
 

International Energy Agency. 2024. Global EV Outlook 2024: Moving towards increased 

affordability. Paris: OECD/IEA. 

International Energy Agency. 2004. World Energy Outlook 2004. Paris: OECD/IEA. 

IPCC. 2023. Sections. In: Core Writing Team, H. Lee & J. Romero (eds.) Climate Change 

2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assess-

ment Report of the Intergovernmental Panel on Climate Change. Geneva, Switzerland: 

IPCC. P. 35–115. 

Jauch Quartz GmbH & Jauch Battery Solutions GmbH. 2018. Introduction to lithium poly-

mer battery technology. White paper. [e-publication]. Villingen-Schwenningen, Germany: 

Jauch Quartz GmbH.  

Khan, F. M. N. U., Rasul, M. G., Sayem, A. S. M. & Mandal, N. 2023. Maximizing energy 

density of lithium-ion batteries for electric vehicles: A critical review. Energy Reports. Vol. 

9, Suppl. 11, pp. 11–21. 

Kumar, R., Dwivedi, A. & Goel, V. 2024. A review on heat pipe-assisted thermal manage-

ment systems in electrical vehicles for lithium-ion batteries. In: Singh, K. M., Dutta, S., 

Subudhi, S. & Singh, N. K. (eds.) Fluid Mechanics and Fluid Power. Volume 1. Singapore: 

Springer Nature Singapore. P. 185–194. 

Liu, J., Yadav, S., Salman, M., Chavan, S. & Kim, S. C. 2024. Review of thermal coupled 

battery models and parameter identification for lithium-ion battery heat generation in EV 

battery thermal management system. International Journal of Heat and Mass Transfer. Vol. 

218, p. 124748.  

Luo, J., Zou, D., Wang, Y., Wang, S. & Huang, L. 2022. Battery thermal management sys-

tems (BTMs) based on phase change material (PCM): A comprehensive review. Chemical 

Engineering Journal. Vol. 430, Part 1, p. 132741.  

Mali, V., Saxena, R., Kumar, K., Kalam, A. & Tripathi, B. 2021. Review on battery thermal 

management systems for energy-efficient electric vehicles. Renewable and Sustainable En-

ergy Reviews. Vol. 151, p. 111611.  

Peng, G., Dou, G., Hu, Y., Sun, Y. & Chen, Z. 2020. Phase change material (PCM) micro-

capsules for thermal energy storage. Advances in Polymer Technology. Vol. 2020, p. 20. 



39 
 

Singh, L. K., Gupta, A. K. & Sharma, A. K. 2022. Hybrid thermal management system for 

a lithium-ion battery module: Effect of cell arrangement, discharge rate, phase change ma-

terial thickness and air velocity. Journal of Energy Storage. Vol. 52, Part B, p. 104907.  

Sougrati, M. T., Darwiche, A., Liu, X., Mahmoud, A., Hermann, R. P., Jouen, S., Moncon-

duit, L., Dronskowski, R. & Stievano, L. 2016. Transition-metal carbodiimides as molecular 

negative electrode materials for lithium- and sodium-ion batteries with excellent cycling 

properties. Angewandte Chemie International Edition. Vol. 55, no. 16, p. 5090–5095.  

Spanos, C., Turney, D. E. & Fthenakis, V. 2015. Life-cycle analysis of flow-assisted nickel 

zinc–manganese dioxide– and valve-regulated lead-acid batteries designed for demand-

charge reduction. Renewable and Sustainable Energy Reviews. Vol. 43, p. 478–494. 

Subramanian, M., Hoang, A. T., Kalidasan, B., Nižetić, S., Solomon, J. M., Balasubrama-

nian, D., C, S., Thenmozhi, G., Metghalchi, H. & Nguyen, X. P. 2021. A technical review 

on composite phase change material based secondary assisted battery thermal management 

system for electric vehicles. Journal of Cleaner Production. Vol. 322, p. 129079.  

Sun, Z., Fan, R., Yan, F., Zhou, T. & Zheng, N. 2019. Thermal management of the lithium-

ion battery by the composite PCM-Fin structures. International Journal of Heat and Mass 

Transfer. Vol. 145, p. 118739.  

Wankhede, S., More, K. & Kamble, L. 2024. A review of Li-ion battery temperature control 

and a key future perspective on cutting-edge cooling methods for electrical vehicle applica-

tions. Energy Storage. Vol. 6, no. 1, p. e572.  

Weragoda, D. M., Tian, G., Burkitbayev, A., Lo, K.-H. & Zhang, T. 2023. A comprehensive 

review on heat pipe based battery thermal management systems. Applied Thermal Engineer-

ing. Vol. 224, p. 120070.  

Worwood, D., Kellner, Q., Wojtala, M., Widanage, W. D., Glen, R. M., Greenwood, D. & 

Marco, J. 2017. A new approach to the internal thermal management of cylindrical battery 

cells for automotive applications. Journal of Power Sources. Vol. 346, p. 151–166.  

Zhu, Y., Zhu, W. H., Davis, Z. & Tatarchuk, B. J. 2016. Simulation of Ni-MH batteries via 

an equivalent circuit model for energy storage applications. Advances in Physical Chemis-

try. Vol. 2016, no. 1, p. 4584781.  



 
 

Appendix 1. Engineering drawing of BTMS assembly 

 



 
 

Appendix 2. Engineering drawing of PCM shell 

 



 
 

Appendix 3. Engineering drawing of HP 

 



 
 

Appendix 4. Engineering drawing of battery 
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