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A B S T R A C T   

Lithium-ion batteries (LiBs) have been widely applied in electric vehicles (EVs) and energy storage devices. The 
battery thermal management system (BTMS) critically impacts the safety and degradation of LiBs. Phase change 
material (PCM) is a promising passive BTMS solution owing to its high latent heat and non-parasitic power 
consumption requirements. In this paper, paraffin (PA) as the PCM was embedded in the copper foam to enhance 
the heat dissipation of the cooling material. The thermal responses of the battery module were comparatively 
investigated under different thermal management solutions, including natural air, pure PCM, and copper foam- 
PCM. A battery module consisting of 16 thermal dummy cells (TDC) was designed, built, and calibrated to 
replace real commercial 21,700 NMC battery cells. The findings indicate that the proposed copper foam-PCM 
solution effectively enhances heat dissipation and improves the temperature uniformity of the battery module. 
For instance, in the condition of intensive operation (60% depth of discharge and 3C discharge), copper foam- 
PCM composite material reduces the maximum temperature rise from 57.4 ◦C to 51.4 ◦C (-10.4%) compared 
to pure PCM. At ambient temperatures of 25 ◦C and 35 ◦C, the temperature inhomogeneity of the battery module 
with copper foam-PCM is maintained within 5 ◦C and 2 ◦C, respectively. Besides, the effect of copper foam-PCM 
cooling on the cell-to-pack conversion efficiency was evaluated. The gravimetric cell-to-pack ratio (GCTP) and 
volumetric cell-to-pack ratio (VCTP) of the battery pack employing the proposed BTMS reached 53.1% and 
45.6%, respectively.   

1. Introduction 

Nowadays, vehicle electrification technologies have been vigorously 
developed to reduce global greenhouse gas emissions [1]. Lithium-ion 
batteries (LiBs) with high specific power and high energy density are 
widely applied in the automobile industry as promising energy storage 
devices. The charging and discharging of LiBs are accompanied by heat 
generation, including ohmic heat, polarization heat, side reaction heat, 
and mixing heat. A battery thermal management system (BTMS) plays 
an important role in ensuring the performance, safety, and service life of 
LiBs [2]. The safe temperature for LiBs used in electrified vehicles is 
limited to 60 ◦C [3,4]. An excessively high temperature might lead to 
battery thermal runaway, fire, and even explosion [5]. BTMS is intended 
to maintain LiBs temperature within the optimal range from 15 ◦C to 
35 ◦C, while the temperature non-uniformity of batteries in a 

module/pack is below 5 ◦C [6,7]. At present, thermal management 
methods have evolved from conventional air-based cooling [8] and in
direct liquid-based cooling [9,10] to phase change material (PCM) 
cooling [11], heat pipe [12,13], and immersion cooling [14]. In active 
cooling systems, pumps or fans induce parasitic power consumption. 
Passive cooling systems, such as PCMs or heat pipes, don’t consume 
extra energy while dissipating the surface temperature of batteries [15]. 
Jouhara et al. [16] proposed a BTMS consisting of heat pipes that 
eliminate approximately 60% of the heat generation of LiBs and 
significantly enhance temperature uniformity within the battery 
module. 

Due to its high latent heat and non-parasitic power consumption, 
PCM is regarded as a promising passive BTMS solution. Chen et al. [17] 
proposed the BTMs with PCM. Simulation results evaluated that PCM led 
to high-temperature uniformity in the battery module. Paraffin (PA) was 
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applied as PCM for the BTM system due to its low cost and suitable phase 
change temperature [18]. However, the disadvantage of PA is its low 
thermal conductivity (0.2 W/m/K) [19]. To improve the performance of 
PCMs in heat dissipation, PCM was integrated with various materials 
with high thermal conductivity, such as expanded graphite (EG) [20], 
graphene [21], carbon nanofiber [22], and metal foams [23], to produce 
composite materials. Sheikh et al. [24] experimentally investigated the 
cooling performance of bio-based PCM with graphene nanoplatelets and 
surfactants. PA may sink due to gravity after the repeated 
melting-solidification process, resulting in an increased temperature 
gradient in the battery module. Metal foams with porous structures have 
a large surface area-to-volume ratio and enhance heat transfer [25]. 
Alrashdan et al. [26] examined the thermo-mechanical properties of 
PCM composite materials at different operating temperatures. Qu et al. 
[27] adopted the finite element method to investigate PCM-metal foam 
composite materials. The results show that the BTMS with PCM-metal 
foam composite phase change materials was more effective in 
reducing the battery surface temperature at the discharge rates of 1 C 
and 3 C compared to the air convection cooling method. Sheikh et al. 
[28] evaluated the effect of copper foam with different pore sizes on the 
Melting performance of PCM. Xiao et al. [29] explored the effect of 
impregnating the nickel foam and copper foam with PA under vacuum 
on their thermal performance. The results illustrated that reducing the 
metal foam porosity would improve thermal conductivity, despite no 
significant effect of foam pore size on the level of thermal conductivity. 
Chen et al. [17] applied a numerical model to investigate the thermal 
performance of the air-cooling and PCM cooling methods at various high 
current and ambient temperatures. A separate investigation was con
ducted into the effect of two cooling methods used for BTMs on the 
degradation and parasitic power consumption of batteries. Zhao et al. 
[30,31] experimental and numerical investigated the composite PCM as 
the heat sink on the cooling performance of a liquid cooling-based 
BTMS, and they established the relationships of the Nusselt numbers 
and dimensionless temperature against the Fourier and Stefan numbers. 
Sundarram et al. [32] conducted a numerical study as to the impact of 
the porosity and pore size on the thermal properties of a metal foam 
embedded with PCM. Wang et al. [33] explored the thermal conduc
tivity of paraffin-aluminum foam composite PCM, demonstrating that 
the aluminum foam is capable to improve the thermal conductivity of 
PA. Despite the inhibitory effect of aluminum foam on local natural 
convection, it could accelerate the melting process and enhance the 

temperature uniformity of PCM. PA has high flammability properties. Li 
et al. [34] added melamine and triphenyl phosphate to PA, which im
proves the flammable retardant performance of composite material. 
Weng et al. [35] investigated the mitigation effects of PCM with the 
different proportions of flame retardant additive (Aluminum hydroxide) 
on thermal runaway propagation. Due to the conductivity of copper 
foam, conducting electricity between metal foam and LiBs should be 
considered in the design of the thermal management system, which 
prevents short circuits inside the battery module. Conventionally, PA is 
considered to be a non-conductive material. Wu et al. [36] proposed a 
BTMS mesh-enhanced composite. The sandwich structure of composite 
material effectively avoids direct contact between the metal material 
and the prismatic battery. Due to the simplicity and the buffer protecting 
effect of the battery module, the thermal management strategy with 
PCM composite material as a cooling medium has a potential for 
application in BTMS. 

A large majority of the electric energy stored in the battery is 
consumed by the load, and only 2.89% to 7.89% of the electric energy is 
converted into heat at discharge rates of 1C to 2.5C, respectively [37]. 
The maximum acceptable constant current load of LiBs used in EVs is 
approximately 3C-rate [38,39]. Besides, the charging/discharging pro
cess of the battery is a time-consuming process, which extends the test 
period. Repeated heating tests of batteries can cause battery degrada
tion, thereby increasing the heat generation rate. In addition, battery 
discharging under high-power conditions is restricted by capacity, 
which makes it difficult to conduct the battery test under extreme 
heating conditions. The potential safety hazard caused by the over
heating of the battery and the high experimental cost incurred by 
safety-related equipment is also the main constraints on carrying out 
experiments with real batteries. To address the above problems, a 
thermal dummy cell (TDC) is used as a replacement for the real battery 
cells in the research of thermal management. Volck et al. [40] investi
gated the internal short-circuit resistance of a specially constructed 
dummy pouch battery cell under various compressive loads. The dummy 
battery cell was filled with a solvent without the conductive medium. 
The short-circuit resistance was analyzed mathematically following a 
short-circuit experiment on dummy batteries with an external power 
supply. Zhu et al. [41] applied a dummy thermal battery to evaluate the 
thermal performance of a pumped two-phase BTMS at the heat fluxes 
ranging from 0.11 W/cm2 to 0.60 W/cm2. Wang et al. [42] adopted a 
hybrid multi-cell pack (12 prismatic dummy cells and 4 real batteries) to 
develop an actively controlled BTMS. To investigate the effect of moist 
air on real battery operating, Saw et al. [43] developed a cylindrical TDC 
with a constant 5 W heating power. 

As can be seen from the aforementioned studies, the experimental 
examination of copper foam-PCM cooling for battery modules is limited, 
especially at high ambient temperatures, which is essential for further 
revealing the heat dissipation performance of copper foam-PCM and its 
applications in the BTMS. Additionally, the impact of thermal man
agement strategies on the cell-to-pack conversion efficiency has not yet 
been investigated. Herein, a passive cooling system with the PCM- 
copper foam composite material was built to improve the thermal per
formance of the battery module. The copper foam was selected as the 
porous material for the thermal conductivity enhancement of PCM. 
Thermal imaging technology and thermocouples were used to monitor 
the temperature evolution of the battery modules at the ambient tem
perature of 25 ◦C and 35 ◦C. On the other hand, the investigations of 
thermal characteristics of 21,700 NMC battery cells and feasibility study 
of TDC on BTMS design are still inadequate. A TDC was developed to 
substitute the real 21,700 NMC LiBs. By adjusting the power supply 
voltage, the aluminum alloy block integrated with a built-in heater can 
be used to mimic the heating power of the real batteries at various 
discharging constant current rates. The thermal behavior of TDC is 
validated against real 21,700 NMC battery cells. 

The influence of the copper foam-PCM cooling method on the mass 
and volume of the battery pack was evaluated by cell-to-pack conversion 

Fig. 1. Schematic diagram of the experimental study design.  

Table 1 
Specifications of 21,700 NMC811 battery cell [44].  

Item SSpecification 

Nominal Voltage 3.7 V 
Typical Capacity 4800mAh 
Cathode Graphite 
Ano’de NMC811 
Internal resistance 0.035 Ω  
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efficiency on a gravimetric (GCTP) and volumetric (VCTP). The rest of 
this paper is organized as follows: the experimental setup and test pro
cedures are introduced in Section 2. The results and discussion are 
illustrated in Section 3. Finally, the conclusions of the main findings are 
presented in Section 4. 

2. Experimental setup and procedures 

This part is divided into three sub-sections, including the design of 
thermal dummy cells, preparation of the battery module with cooling 
material, and test procedures. A competitive study was performed, 
including natural air cooling, pure PCM cooling, and copper foam-PCM 

cooling. The detailed schematic diagram of the experimental study 
design is illustrated in Fig. 1. 

2.1. Thermal dummy cell 

The cylindrical dummy cells are utilized to replace the real LG 
21,700 NMC811 batteries, the specifications of which are listed in 

Table 1. The reasons for the use of dummy cells instead of real bat
tery cells are as follows: 1) No need to use expensive battery module 
cyclers; 2) TDCs could avoid the potential thermal/electrical hazards of 
battery modules operated under extreme conditions; 3) TDCs reduce 
energy consumption and test time; 4) TDCs can avoid results drift caused 
by battery degradation. Fig. 2.(a) depicts the TDC. An electric cartridge 
heater with an internal resistance of 5 Ω is inserted into a cylindrical 
aluminum alloy with a concentric hole (diameter: 6.5 mm; depth: 45 
mm). The heat generation rate of cartridge heaters is controlled by the 
adjusting voltage. The calculation formula of heat generation can be 
described as: 

qTDC = U2/RTDC (1)  

where RTDC represents the resistance of the cartridge heater, and U 
represents the voltage. 

A procedure was developed to conduct TDC voltage calibration for 

Fig. 2. The experimental setup for TDC: (a) Longitudinal section and practicality diagram of TDC; (b) Electrical power consumption of the TDC and real cell; (c) 
Temperature evolution of TDC and real cell at various discharge rates. 

Table 2 
Theoretical heat generation rate of real battery cell and the heat generation 
rate of TDC at various discharge rates.  

C-rate qtheoretical qTDC 

1C 0.8 W 0.6 W 
1.5C 1.8 W 1.6 W 
2C 3.2 W 3.5 W 
2.5C 5.0 W 6.0 W 
3C 7.3 W 8.5 W  
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the purpose of matching the thermal behavior of TDC with real cells. The 
voltage applied to dummy cells was swept, and the surface temperature 
of dummy cells was monitored. Real cells were discharged under various 
C rates (1C - 3C), and surface temperature was measured. It is possible to 
find the best matching voltage required for dummy cells to simulate its 
thermal behavior for a real battery discharged at a certain discharge 
rate. It is found that the temperature evolution of the dummy cell under 
the voltage of 1.7 V, 2.8 V, 4.2 V, 5.5 V, and 6.5 V matched well with that 
of the real cell under discharging rates of 1C, 1.5C, 2C, 2.5C, and 3C, 
respectively. Fig. 2(b) shows the electrical power consumption of the 
TDC and a real cell in the experiment. Fig. 2(c) illustrates the compar
ison of temperature evolution between TDC and real cells. It can be seen 
that with a proper TDC voltage calibration, the surface temperatures of 
dummy and real cells match well under various constant discharge rates. 
Some literature calculates the theoretical heat generation rate of battery 
cells based on Ohm’s law [3,14]: 

qreal = I2R0 (2)  

where R0 represents the internal resistance of the real battery cell, and I 
represents the discharging current. 

Table 2 lists the theoretical heat generation rate of the battery and 
the heat power of TDC under various constant discharge rates. The 
reasons for the difference between the theoretical heat generation rate of 
the battery cell and the heat power of TDC are 1) Eq. (2) only considers 

irreversible heat, which ignores reaction to heat and side reaction heat 
during battery operation; 2) In terms of heat transfer characteristics, 
battery cell can be regarded as anisotropic, and the radial thermal 
conductivity is lower than the axial thermal conductivity. TDC made by 
aluminum alloy are isotropic heat transfer and its radial/axial thermal 
conductivity is also significantly higher than that of the real cell. 
Therefore, the verification of the heating power of TDC should be based 
on the heat generation of the real battery cell. 

2.2. Preparation of battery module with cooling material 

Fig. 3 illustrates the schematic diagram of a lab-scale battery module 
containing 16 dummy cells with pure PCM and copper foam-PCM. A 
layout of the 4 × 4 battery module is enclosed in a transparent acrylic 
box with an outer dimension of 130 mm × 130 mm × 70 mm and a wall 
thickness of 10 mm. The copper foam-PCM composite material was fil
led in the cell space. The thermophysical properties of the paraffin, 
copper foam, and aluminum are listed in Table 3. Commercial paraffin 
(PlusICE®) was utilized as the PCM with a phase change temperature of 
40 ◦C. The copper foams with a pore density of 25 PPI and a porosity of 
0.97 were applied to enhance heat transfer. 

The preparation of copper foam-PCM material can be summarized in 
three steps. Firstly, the copper foam was cut into a specified dimension, 
and dummy cells were inserted into the hole of the skeleton of the 
copper foam (weight: 100 g). Subsequently, a certain amount of paraffin 
weighed by electric balancing and was poured into a beaker. The beaker 
was heated in a thermostatic water bath at 70 ◦C and stirred continu
ously until the PCM was completely melted. Finally, the melting paraffin 
is infiltrated into the pores of the copper foam for the preparation of the 
paraffin-copper foam composite material. The mass of paraffin perfused 
into the copper foam is approximately 332 g. The paraffin with an 
equivalent mass was poured into another battery module to prepare a 
pure PCM module. After the solidification of PCM, electrical connection 
and insulation protection was prepared. The ratio of PCM impregnated 
into the copper foam can be expressed as: 

σ =
mtheo

mact
=

εVρpcm

mact
(3)  

Fig. 3. Battery module with cooling material: (a) copper foam-PCM, bottom view; (b) copper foam-PCM, top view; (c) pure PCM, bottom view (d) pure PCM, 
top view. 

Table 3 
Thermophysical parameters of battery cell and materials.  

Item Battery  
[45] 

Aluminum  
[46] 

Copper  
[46] 

PCM  
[47] 

Air 

Density (kg/m3) 2616 2719 8978 900 1.2 
Thermal 

conductivity (W/ 
m/K) 

1.3 
(radial)/ 
20.7 
(axial) 

202.4 386 0.2 0.02 

Specific heat 
capacity (J/kg-K) 

910 871 381 2220 1005 

Latent heat (kJ/kg) NA NA NA 137 NA 
Melting temp. ( ◦C) NA 660 1085 40 NA  
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where mtheo, mact, and ρpcm denote the theoretical mass, actual mass, and 
density of PCM, respectively; ε and V denote the porosity of copper foam 
and total volume of composite material, respectively. Due to the high 
porosity of metal, the volume difference between copper foam-PCM and 
pure PCM is diminutive. The bottom acrylic plate is used to adjust the 
height of the material and ensure that the temperature sampling point is 
located in the middle of the material along the vertical direction. The 
mass of PCM determines the amount of heat absorbed, and can be 
expressed as [17]: 

Q = mpcmCpcm(Tc − T0) + mpcmL  

Q denotes the heat generation of the TDC. mpcm, Cpcm, Tc, T0 and L denote 
mass, heat capacity, phase change material, initial temperature, and 
latent heat of PCM, respectively. 

2.3. Testing procedure 

The experimental setup is shown in Fig. 4, which consists of the 
battery module, copper foam-PCM, K-type thermocouples, DC power 
supply (ROHDE&SCHWARS NGE100), and data acquisition equipment 
(Pico Technology TC-08), thermal imaging camera (FLIR T series), and a 
computer. Tests were conducted in a thermal chamber (Weiss Technik®) 
to maintain a constant ambient temperature (Tamb) with a ± 0.5 ◦C 
fluctuation. A DC power supply was used to supply uninterrupted power 
for the electric cartridge heater. Temperature data were collected by a 
Picolog TC-08 data logger. K-type thermocouples were attached to the 
middle of each dummy cell surface to monitor their temperature. The 
thermal camera was fixed on the bottom of the acrylic box to record the 
temperature evolution of the battery module. Generally, the depth of 
discharge (DOD) of battery packs for electric vehicles is set between 40% 
and 60% [1]. The battery module test time is determined by the time 
needed to reach a 60% DOD. Average thermocouple readings are 

recorded at a time interval of 10 s. Since the decomposition temperature 
range of the solid interface (SEI) layer of the real battery cell is from 
90 ◦C to 120 ◦C [48], the test will be stopped when the surface tem
perature of the battery reaches 90 ◦C. Three groups of experiments were 
conducted during various constant thermal power to evaluate the 
thermal performance of the BTMS with different cooling methods: 1) 
natural air cooling, 2) pure PCM, and 3) copper foam-PCM. The battery 
module was soaked in the thermal chamber for at least 24 h before the 
start of the tests. Two ambient temperatures (25 ◦C and 35 ◦C) were 
tested to evaluate the influence of ambient temperature on BTMS 
cooling performance. The scanning electron microscopy (SEM) image of 
copper foam and paraffin are shown in Appendix Fig. A1. 

3. Results and discussion 

This section consists of three sub-sections. The first one elaborates on 
the results of battery temperature evolution with air, PCM, and copper 
foam-PCM cooling. In the second section, the effects of different cooling 
strategies on temperature uniformity in the battery module are intro
duced. The third section evaluates the effects of copper foam-PCM 
passive cooling on the efficiency of cell-to-pack conversion. 

3.1. Effects of different cooling methods on temperature rise 

To better visualize the temperature evolution of the battery module, 
the cell temperature sampling can be classified into three categories by 
the layout of the centrosymmetric and axisymmetric battery module. 
Herein, the mean temperature of the cell located at (1,1) (1,4) (4,1) (4,4) 
is referred to as T1, the mean temperature of the cell located at (1,2) 
(1,3) (2,1) (3,1) (2,4) (3,4) (4,2) (4,3) is denoted as T2, and the mean 
temperature of the cell located at (2,2) (2,3) (3,2) (3,3) is represented by 
T3. Fig. 5 illustrates the temperature evolution curves of the battery 

Fig. 4. Schematic diagram of the experimental setup.  
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module obtained by using different cooling methods under a 3C 
discharge rate at an ambient temperature of 25 ◦C. The temperature rise 
in the case of natural air cooling was found to be significantly higher 
than those in other cases. When the test ended, the temperature of the 
battery module with natural air cooling exceeded the safety temperature 
threshold (90 ◦C). The average temperature rise rate reached 5.3 ◦C/min 
in the case of natural air cooling. In the two cases of using PCM, there are 
similar temperature evolution curves. The temperatures of T3 in battery 
module with pure PCM and with copper foam-PCM reached 57.4 ◦C and 
51.4 ◦C, respectively. During the test, the temperature rise rate of the 
battery module with pure PCM and with copper foam-PCM was 
consistently lower than 4 ◦C/min. In the melting process, PCM stores 
heat in the form of latent heat. Before PCM is melted, the temperature 
rise rate of the battery can be limited to less than 2 ◦C/min. During PCM 
melting, the temperature rise rate of the battery shows an increasing 
trend. After the complete melting of PCM, the heat is hindered from 
conversion into the phase change latent heat. Therefore, the tempera
ture rise rate of the battery is accelerated, and the temperature rise rate 
at T3 exceeds 2 ◦C/min. The temperature curves of the battery module 
under other conditions are shown in Appendix Fig. A2-A7. Fig. 6 shows 
the impact of different cooling methods on battery temperature under 
the 3C discharge rate. As can be seen in the figure, the theoretical 
discharge time taken by the battery to reach the DOD of 60% at 3C 

current is 720 s. However, when natural air was used, the safe threshold 
temperature was triggered in advance. To evaluate the evolution of 
battery temperature over time when different cooling methods were 
applied, the duration of the comparative test with Tamb = 25 ◦C and 
Tamb = 35 ◦C were set to 560 s and 670 s, respectively. The temperature 
rise of T3 decreased by about 53% and 63% when pure PCM and copper 
foam-PCM were used than when natural air cooling was adopted, 
respectively. Table 4 list the comparison of the experimental results of 
this study with other reported literature on metal-based paraffin com
posites for BTMS. Based on the reported literature, the majority of 
research for cylindrical battery have chosen smaller cell capacities 
(2.5Ah-3.5Ah). However, there are considerable discrepancies between 
the discharge currents of different capacity batteries at the same 
discharge rate. This paper focuses on the examination of the tempera
ture evolution of high-capacity cylindrical batteries at higher ambient 
temperatures. 

Fig. 7 shows the plot of the temperature difference between pure 
PCM and copper foam-PCM at the end of the 3C discharge rate test. 
Compared with pure PCM, the temperature of T1, T2, and T3 in the 
battery module using copper foam-PCM were reduced by 5.4 ◦C, 6.6 ◦C, 
and 6 ◦C under 3C discharging rate and Tamb = 25 ◦C, respectively. Based 
on Wang et al. [54] examining the degradation test of NMC LiBs, high 
temperatures will accelerate the cycle life loss of LiBs. Therefore, copper 

Fig. 5. Temperature curves and temperature rise rate of the battery module with different cooling methods under 3C discharge rate at Tamb = 25 ◦C: (a), (b) natural 
air cooling; (c), (d) pure PCM; (e), (f) copper foam-PCM. 
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foam-PCM cooling can mitigate the degradation of LiBs induced by 
temperature rise. 

3.2. Effects of different cooling methods on temperature uniformity 

Temperature uniformity in the battery module is regarded as a sig
nificant indicator in evaluating the effectiveness of cooling methods. To 
ensure both battery performance and safety, the temperature difference 
between batteries in the module should be restricted to 5 ◦[18]. Fig. 8 
shows the maximum temperature difference in the module with 
different cooling methods at the end of the test. The temperature 

Fig. 6. The influence of different cooling methods on battery temperature under 3C discharge rate: (a) T1, Tamb = 25 ◦C; (b) T1, Tamb = 35 ◦C; (c) T2, Tamb = 25 ◦C; 
(d) T2, Tamb = 35 ◦C;(e) T3, Tamb = 25 ◦C; (f) T3, Tamb = 35 ◦C. 

Table 4 
Summary of passive cooling paraffin composite material for BTMS.   

Battery capacity 
(Ah) 

Battery 
Load 

Strategy Melting temp. ( ◦C) Latent heat (kJ/ 
kg) 

Ambient temp. ( ◦C) Maximum temp. ( ◦C) 

Azizi et al. [49], 3 3C Aluminum wire 
mesh 

56 195 26 46.5 

Zhao et al., [31] 3.4 2C Copper foam 34–36 210 25 42 
Hussain et al. [50], 3.4 2C Nickel foam 38–41 – 25 45 
Pan et al., [51] 2.9 2.4C Copper fiber 48–50 – 30 51.2 
Luo et al., [52] 2.6 4C EG 34 222 20 35 
This study 4.8 3C Copper foam 40 137 25/35 51.4/59.6  

Table 5 
Parameters for GCTP and VCTP calculation [53].  

Parameters Values 

SEcell 900 kJ/kg 
η 90% 
Tc 35 ◦C 
Tamb 25 ◦C 
fperiphery 36%  
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difference between battery cells shows a positive correlation with the 
discharge rate. As for the maximum temperature difference in the bat
tery module with natural air cooling, it reached 7.5 ◦C at Tamb = 25 ◦C 
and 3C discharge rate. Compared with natural air cooling, the temper
ature uniformity of the battery module was better maintained by using 
PCM, especially in case of a high discharge rate. Copper foam, as a 
high-temperature-resistant porous frame, can perform well in confining 
PCM in the pores to prevent the occurrence of non-uniformity temper
ature distribution caused by the flow of melted PCM. The temperature 

differential in the battery module using copper foam-PCM was lower 
than that of pure PCM, which was limited to within 5 ◦C. Cavalheiro 
et al. [55] indicated that large non-uniform temperature distribution in 
the battery module deteriorates the degradation non-uniformity of LiBs. 
Copper foam-PCM can maintain temperature uniformity between bat
tery cells thereby improving the degradation non-uniformity. In the case 
of PCM and copper foam-PCM, the temperature difference between cells 
at Tamb = 35 ◦C is lower than that at Tamb = 25 ◦C. The possible causes of 
this phenomenon are that the local melting of PCM causes temperature 

Fig. 7. Temperature difference between different cooling methods at the end of 3C discharge rate test: (a) Tamb = 25 ◦C; (b) Tamb = 35 ◦C.  

Fig. 8. Maximum temperature difference between the selected cells in the module at the end of the test: (a) natural air convection, Tamb = 25 ◦C; (b) natural air 
convection, Tamb = 35 ◦C; (c) pure PCM cooling, Tamb = 25 ◦C; (d) pure PCM cooling, Tamb = 35 ◦C; (e) copper foam-PCM cooling, Tamb = 25 ◦C; (f) copper foam-PCM 
cooling, Tamb = 25 ◦C. 
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non-uniformity distribution at Tamb = 25 ◦C. On the contrary, due to the 
phase change temperature of PCM material being 40 ◦C, PCM may have 
completely melted at the end of the battery discharge at Tamb = 35 ◦C, 
resulting in a lower temperature difference between cells but a higher 

temperature rise of battery module compare to the case at Tamb = 25 ◦C. 
The temperature fields of the battery module, as captured by the thermal 
imaging camera, are shown in Appendix Fig. A8. 

Fig. 9 illustrates the impact of DOD and discharge rate on the battery 

Fig. 9. Effects of discharge rate and depth of discharge on temperature evolution of battery module: (a) natural air, Tamb = 25 ◦C; (b) natural air, Tamb = 35 ◦C; (c) 
pure PCM, Tamb = 25 ◦C; (d) pure PCM, Tamb = 35 ◦C; (e) copper foam-PCM, Tamb = 25 ◦C; (f) copper foam-PCM, Tamb = 35 ◦C. 

Fig. 10. GCTP and VCTP of the battery pack under various latent heat of PCM.  
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module temperature in the T2 position. The battery temperature shows 
an upward trend with the increase in discharge rate and DOD. A large 
temperature gradient is observed in the battery module with natural air 
cooling under the high C-rate and DOD. In comparison with natural air 
cooling, the temperature rise of the case using PCM has a lower tem
perature rise affected by discharge rate and DOD. In addition, ambient 
temperature has a significant impact in the case of using PCM cooling. 
When the ambient temperature approaches the melting point of the 
PCM, the heat absorbed from the battery during phase change di
minishes. The cooling performance of pure PCM deteriorates consider
ably, given the high ambient temperature. Therefore, copper foam with 
high-temperature resistance and high thermal conductivity is added to 
improve the thermal conductivity of PCM and enhance the heat dissi
pation performance of composite material. Copper foam-PCM cooling 
shows a massive potential to inhibit temperature rise for battery mod
ules. Effects of discharge rate and depth of discharge on battery modules 
with different positions are shown in Appendix Fig. A9-11. 

3.3. Cell-to-pack conversion efficiency 

Thermal management systems significantly influence the weight and 
volume of battery packs. To demonstrate the feasibility of the copper 
foam-PCM cooling in practical application, the cell-to-pack conversion 
efficiency is taken into account to evaluate the impact of this method on 
the energy density of the battery pack, including the ratio of cell-to-pack 
energy density on a gravimetric (GCTP) or volumetric (VCTP) basis. The 
average GCTP and VCTP of commercial battery packs are about 55% and 
50%, respectively [53]. However, commercial battery packs are mostly 
active cooling, which will cause parasitic power consumption. As a sort 
of passive thermal management solution, the copper foam-PCM com
posite material cooling can be effective in addressing the parasitic 
power, reliability, and space consumption of the auxiliary components 
caused by active thermal management. The specific energy (SE) of the 
21,700 NMC battery is obtained based on the battery capacity and 
nominal voltage. The parameters for GCTP and VCTP calculation are 
listed in Table 4. 

The specific heat capacity of copper foam-PCM composite material 
can be calculated as the following equation: 

cp,CPCM = cp,PCM
mPCM

mCPCM
+ cp,CF

mCF

mCPCM
(4) 

Considering the sensible heat absorbed by PCM and battery when 
their temperature is raised from the ambient temperature to the oper
ating temperature. GCTP and VCTP of BTMS with copper foam-PCM 
cooling can be estimated as follows [53]: 

GCTP =
SEpack

SEcell
=

(

1 +
SEcell(1 − η) − cp,cell(Tc − Tamb)

λCPCM + cp,CPCM(Tc − Tamb)
+ fperiphery

)− 1

(5)  

VCTP =
SEpack

SEcell
=

[

1 +

(
SEcell(1 − η) − cp,cell(Tc − Tamb)

λCPCM + cp,CPCM(Tc − Tamb)

)(
ρcell

ρCPCM

)]− 1

(6)  

where λ and c represent latent heat of PCM and specific heat capacity, 
respectively; SE denotes specific energy; η represents energy efficiency 
for the electrical vehicle; fperiphery represents the ratio of periphery mass 
(cables, pack housing, electronics, etc.) to cell mass; Tc and Tamb repre
sent battery surface temperature and ambient temperature, respectively. 

GCTP and VCTP efficiency reach 53.1% and 45.6% for the battery 
pack with copper foam-PCM, respectively. Although the GCTP of battery 
packs using this composite material is slightly lower than the average 
value of commercial battery packs for vehicles, the elimination of 
parasitic power can improve the electric vehicle energy consumption 
and indirectly increase the energy density of the battery pack. Fig. 10. 
GCTP and VCTP of the battery pack under various latent heat Fig. 10 
shows the GCTP and VCTP of the battery pack under various latent heat. 

Based on Eqs. (5) and (6), the increase of PCM latent heat can effectively 
reduce the proportion of the BTMS in the volume and mass of the battery 
pack. 

4. Conclusion 

In this study, BTMS with passive copper foam-PCM cooling was 
explored experimentally and compared to two other cooling methods 
(natural air cooling and pure PCM). Based on the thermal characteristics 
of LiBs, a battery module containing 16 thermal dummy cells was built 
to replace real cells for the experiment. Cell temperature was monitored 
at various discharge rates to assess the heat dissipation performance of 
thermal management solutions. The main findings drawn from this 
study are listed as follows: 

• The copper foam-PCM composite material can effectively can effec
tively mitigate the rapid temperature rise of a battery cell during 
high charge/discharge rate. At a 3C discharge rate, the maximum 
temperature rise of cases utilizing copper foam-PCM dropped from 
57.4 ◦C to 51.4 ◦C when compared to pure PCM.  

• The copper foam-PCM composite material outperforms pure PCM in 
enhancing the temperature uniformity of the battery module. The 
maximum temperature differential in the battery module employing 
copper foam-PCM was constrained to less than 5 ◦C at the discharge 
rate of 3C.  

• The cell-to-pack ratio is introduced to evaluate the influence imposed 
by BTMS on the mass and volume of the battery pack. The GCTP and 
VCTP battery modules using copper foam-PCM cooling reach 53.1% 
and 45.6%, respectively. The improvement of the cell-to-pack ratio 
of the battery pack can be realized by selecting a PCM with higher 
latent heat. 

Future work 

Based on the abovementioned findings, the copper foam-PCM cool
ing is still worthy of further optimization in terms of lightweight. The 
temperature of the battery module with copper foam-PCM approached 
60 ◦C at the end of the 3C discharge rate. Therefore, passive cooling has 
limitations for the heat dissipation performance of the battery module at 
high C-rates (5C or 10 C). In the future, the authors will examine the 
active-passive thermal management solution to reduce the temperature 
rise of LiBs at the higher C-rate. The author also will further perform the 
optimization of the battery thermal management system through the 
incorporation of numerical simulation and experimental validation. The 
real battery test will be implemented for the development of battery 
thermal management to examine the thermal behavior of the battery 
under various operating conditions, such as the driving cycle and 
extreme thermal runaway conditions, etc. 
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Fig. A1. SEM images of cooling materials: (a) copper foam; (b) paraffin.  
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Fig. A2. Temperature curves of the battery module under natural air cooling at Tamb = 25 ◦C: (a) temperature evolution of battery at 1C; (b) temperature rise rate of 
battery at 1C; (c) temperature evolution of battery at 2C; (d) temperature rise rate of battery at 2C; (e) temperature evolution of battery at 3C; (f) temperature rise 
rate of battery at 3C. 
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Fig. A3. Temperature curves of the battery module under natural air cooling at Tamb = 35 ◦C: (a) temperature evolution of battery at 1C; (b) temperature rise rate of 
battery at 1C; (c) temperature evolution of battery at 2C; (d) temperature rise rate of battery at 2C; (e) temperature evolution of battery at 3C; (f) temperature rise 
rate of battery at 3C. 
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Fig. A4. Temperature curves of the battery module under pure PCM cooling at Tamb = 25 ◦C: (a) temperature evolution of battery at 1C; (b) temperature rise rate of 
battery at 1C; (c) temperature evolution of battery at 2C; (d) temperature rise rate of battery at 2C; (e) temperature evolution of battery at 3C; (f) temperature rise 
rate of battery at 3C. 
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Fig. A5. Temperature curves of the battery module under pure PCM cooling at Tamb = 35 ◦C: (a) temperature evolution of battery at 1C; (b) temperature rise rate of 
battery at 1C; (c) temperature evolution of battery at 2C; (d) temperature rise rate of battery at 2C; (e) temperature evolution of battery at 3C; (f) temperature rise 
rate of battery at 3C. 
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Fig. A6. Temperature curves of the battery module under copper foam-PCM cooling at Tamb = 35 ◦C: (a) temperature evolution of battery at 1C; (b) temperature rise 
rate of battery at 1C; (c) temperature evolution of battery at 2C; (d) temperature rise rate of battery at 2C; (e) temperature evolution of battery at 3C; (f) temperature 
rise rate of battery at 3C. 
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Fig. A7. Temperature curves of the battery module under copper foam-PCM cooling at Tamb = 35 ◦C: (a) temperature evolution of battery at 1C; (b) temperature rise 
rate of battery at 1C; (c) temperature evolution of battery at 2C; (d) temperature rise rate of battery at 2C; (e) temperature evolution of battery at 3C; (f) temperature 
rise rate of battery at 3C. 

Z. Sun et al.                                                                                                                                                                                                                                      



International Journal of Thermofluids 17 (2023) 100255

18

Fig. A8. The recorded infrared imagery of module under different discharge rate: (a) 1C,Tamb = 25 ◦C; (b) 1C,Tamb = 35 ◦C; (c) 2C,Tamb = 25 ◦C; (d) 2C,Tamb = 35 ◦C; 
(e) 3C,Tamb = 25 ◦C; (f) 3C,Tamb = 35 ◦C. 
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Fig. A9. Effects of discharge rate and depth of discharge on battery module with natural air: (a) T1, Tamb = 25 ◦C; (b) T2, Tamb = 35 ◦C; (c) T3, Tamb = 25 ◦C; (d) T1, 
Tamb = 35 ◦C; (e) T2, Tamb = 25 ◦C; (f) T3, Tamb = 35 ◦C. 
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Fig. A10. Effects of discharge rate and depth of discharge on battery module with pure PCM: (a) T1, Tamb = 25 ◦C; (b) T2, Tamb = 35 ◦C; (c) T3, Tamb = 25 ◦C; (d) T1, 
Tamb = 35 ◦C; (e) T2, Tamb = 25 ◦C; (f) T3, Tamb = 35 ◦C. 
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