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H I G H L I G H T S  

• Multiple PCMs incorporated thin heat sinks for battery thermal management is proposed. 
• The thermal performance of the battery based on maximum temperature upsurge is investigated. 
• The distributions of PCMs based on melting point and latent heat were carefully explored. 
• The optimal design for the distribution of PCMs is obtained for the proposed battery.  
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A B S T R A C T   

The optimal performance of a Li-ion battery is directly impacted by temperature. In order to control the tem-
perature rise and provide even temperature distributions in the battery pack, a thermal management scheme 
comprises thin heat sinks with multiple phase change materials (PCMs) and air channels is investigated in this 
paper. The cooling performance and temperature homogenization of the battery thermal management (BTM) 
system are carefully studied under various configurations of PCMs. The results show that increasing the air inlet 
velocity has less effect in suppressing the temperature rise at early discharge stage, but ameliorates as the 
discharge prolonged to 3600 s. The standard deviation of the temperature (STDV) and maximum temperature of 
the batteries can be decreased by arranging PCMs with a lower melting temperature at the midsection and a 
higher melting temperature at the air outlet region of the heat sinks. In addition, for volume fraction of PCMs, 
Case IV, having a PCM with a higher melting point adjacent to the air outlet region and occupying one-half the 
height of the heat sink, illustrates a lower temperature rise and decreases the maximum temperature in the 
battery module by 1.024 K, 2.186 K, and 2.553 K, compared to Case I, II, and III, respectively.   

1. Introduction 

The imminent world energy policy intensified pressure on develop-
ment of less or zero emission vehicles in order to reduce greenhouse gas 
and pollutant emissions. Meanwhile, the carbon emission recorded in 
the year 2018 raised up to 2% compared to the emission in the last seven 
years, which has a direct correlation with the increase in passenger cars 
in the world [1]. The conversion of transport sector from gasoline 
consuming vehicles to electric vehicles (EVs) and plug-in hybrid electric 

vehicles (PHEV) can aids in reducing greenhouse gas emission up to 
20%, and even a 40% more reduction if the electric power generated 
originates from renewable sources [2]. Lithium-ion battery is recognized 
as a promising alternative for energy storage and power source for clean 
energy vehicles [3] and off-grid power supply [4], due to its high energy 
density, and long cycle life. However, the performance of Li-ion battery 
is directly impacted by temperature [5], which, at low temperature give 
rise to comparatively poor performance and probably a thermal 
runaway at high temperature. An improper operating temperature of the 
battery will increase the impedance, aging, and capacity fading [6,7]. 
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Thus, in order to maintain the optimum performance and similarly 
reflect safety risks, an appropriate battery thermal management (BTM) 
system which has capability and system reliability, less weight, and low 
parasitic power consumption is essential. The desired operation tem-
perature for a Li-ion battery should be between 25 and 50 ◦C, with a 
temperature gradient below 5 ◦C [8–10]. 

For the last decades, various techniques have been investigated for 
battery thermal management which includes passive, active, and hybrid 
system. The passive BTM system may use natural air convection, phase 
change material (PCM), or heat pipe. While, the active system makes use 
of forced air convection or liquid (water, oil, or refrigerant) circulation 
in the battery module. The hybrid BTM system combined two or more 
passive and active systems. Each cooling system has advantages and 
drawbacks. The natural air cooling solution is simple, straightforward, 
and does not require any extra equipment. However, natural convection 
cannot be enough to dissipate abundant heat generated in the battery 
module especially for high power batteries operating at high ambient 
temperature. Also, it provides large uneven temperature beyond the 
acceptable limit due to its low thermal conductivity [11]. Thus, natural 
air cooling is unacceptable for BTM. The active air cooling is achieved by 
blowing air on batteries surfaces or through battery module/pack in 
order to take away the excess heat [12–16]. It is also simple, but due to 
its poor thermal capacity and thermal conductivity, forced air cooling 
may not be sufficient to remove heat from battery module/pack under 
abuse condition. Likewise, the uneven temperature distribution within 
the battery module/pack is unavoidable. Moreover, the maintenance is 
easy, has low cost, but low efficiency. As air cooling using natural or 
forced convection could not sufficiently dissipate heat and provide even 
temperature distribution in a battery pack, numerous studies proposed 
cooling of battery module/pack using liquid [17–19]. Compared with 
air, liquid has higher heat capacity and thermal conductivity and can 
provide better thermal performance and uniform temperature distribu-
tion. Nevertheless, it occupies more space, increases complexity, weight 
and cost [20]. Another critical issue is liquid leakage, its maintenance is 
difficult and consume more power. The heat pipe-based BTM system 
works via transfer of heat between solid interfaces by taking advantages 
of phase transition and thermal conductivity of the working fluid [21]. 
The vapor moves from evaporator section to condenser as a result of 
vapor pressure difference, however, the fluid in the condenser flows 
back to evaporator due to the driven forces, like capillary and gravita-
tional forces [22–25]. The heat pipe based BTM is expensive and may 
not provide a desire uniform temperature. 

Contrast to active cooling, passive cooling using phase change ma-
terial (PCM) is simple and does not require extra power parasitic com-
ponents such as fan/blower, pump, pipes, and chiller. It provide quick 
temperature response, efficient suppress of temperature upsurge, and 

temperature uniformity by absorbing and storing heat during phase 
transition. For the past two decades, numerous works have been con-
ducted for PCM-based BTM scheme [26–29]. The PCM-based BTM has 
high efficiency, low cost, and easy maintenance. However, low thermal 
conductivity limits its widespread applications. Volume expansion and 
possibly liquid leakage after melting are also challenging [30]. To 
overcome the low thermal conductivity limitation and leakage problem, 
several approaches have been conducted to make composite PCMs. This 
is achieved by adding thermal conductive enhancers such as 
carbon-based additives [31–33], and metal foam/matrix [34–36]. In 
hybrid BTM system, PCM-based thermal management is commonly 
combine with passive or active systems such as PCM/forced air con-
vection, PCM/liquid circulation, or PCM with heat pipes. In PCM-based 
hybrid thermal management scheme, the sensible and latent heat ca-
pacity of the PCM play the vital role while, active thermal management 
usually aids in cooling the PCM [37]. Compare with conventional BTM 
system, the hybrid system provides better thermal performance specif-
ically under stressful and abuse operation conditions than any passive or 
active thermal management alone. 

The issue of BTM with multi-PCM layers received less attention and 
few studies conducted in this regard can be found in literature. In an 
effort to examine the thermal performance and minimize cost and size of 
BTM system, Ramandi et al. [38] compared single and double series 
PCM layers around a prismatic battery numerically. They reported that, 
the double PCM shells configuration outperformed the single shell 
configuration based on temperature control and exergy efficiency. 
Furthermore, increasing the ambient temperature for the non-insulated 
cases studied, the exergy efficiency decreases while the destroyed exergy 
rises steadily. Al-Hallaj and Albright [39] proposed a system combining 
two PCMs with different melting temperatures in order to control the 
temperature at a desired range for batteries thermal management. The 
inner PCM next to the batteries is designed to have higher melting 
temperature than the outer PCM, but lower meting point than the 
allowable batteries temperature. The heat generated from the batteries 
will be absorbed by the inner PCM and then dissipated to the outer PCM. 
The temperature difference between the two PCMs can probably 
enhanced heat transfer by conduction between the two PCMs. Lin et al. 
[40] analyzed the influence of different parameters such as phase 
change temperature, and thermal conductivity on prismatic Li-ion bat-
tery surrounded by two PCM shells. Zhao et al. [41] considered melting 
temperature, thermal conductivity and PCM distribution to relatively 
investigate the thermal performance of thin heat sink integrated with 
PCM for battery thermal management system. Four different melting 
temperature and latent heat of PCMs were employed alongside the heat 
sink. Their simulation results illustrated that, the maximum temperature 
and temperature difference can remarkably be decrease by increasing 

Nomenclature 

ρ Density [kg∙m− 3] 
cp Specific heat capacity [J∙kg− 1∙K− 1] 
T Temperature [K] 
Q Battery heat generation [W] 
k Thermal conductivity [W∙m− 1∙K− 1] 
H Total enthalpy of PCM [J∙m− 3] 
β Liquid phase fraction 
γ Latent heat of PCM [J∙m− 3] 
P Static pressure [Pa] 
v→ Velocity vector [m∙s− 1] 

Subscripts 
a air 
b battery 

be bottom edge 
g generation 
l liquid phase 
melt melting 
ref reference value 
s Solid phase 
te top edge 

Acronyms 
BTM Battery thermal management 
CFD Computational fluid dynamics 
D Design 
EV Electric vehicle 
PHEV Plug-in hybrid electric vehicle 
PCM Phase change material  
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the latent heat and reducing the melting temperature values. The ther-
mal conductivity has negligible influence for a thinner PCM layer. 
Dispersal of PCM in thin heat sink having different latent heat and 
melting temperature clearly have impact on temperature uniformity and 
maximum temperature rise. 

Based on the aforementioned, the passive multiple PCM-based 
combining active air-based thermal management lack detailed para-
metric analysis in the literature, to consider systematically the effect of 
PCMs arrangement according to their latent heat and melting temper-
ature. In this paper, a hybrid BTM system incorporated multiple PCMs 
with mini heat sink is introduced with the aim of optimizing the thermal 
management of Li-ion battery pack inspired by the works of Fan et al. 
[42] and Zhao et al. [41]. Two dimensional transient thermal analysis of 
multi-PCMs with mini air channels were carried out. The impact of PCMs 
configurations, and PCMs volume fraction design were carefully 
explored. Crucial indicators from the simulation results such as 
maximum temperature rise, temperature difference and standard devi-
ation of the temperature field (STDV) of the battery module were 
presented. 

2. Model setup 

The Li-ion battery pack designed for PHEV containing eight pris-
matic cells and being discharged under stressful power profile of 1.3 ×
US06 (PHEV40) is considered [42]. The thermophysical properties and 
dimensions of the 15-Ah cell are presented in Table 1. The heat gener-
ation rates of 28,000 Wm-3 was assumed under 1.3 × US06 (PHEV40) 
power profiles and the module is expected to operate for 600 s drive 
cycle. Fig. 1(a) illustrated the schematic of the battery thermal man-
agement system. The battery module consist of eight prismatic cells and 
nine heat sinks. In order to simplify the computations, and save time and 
cost, two dimensional model of the battery module was considered. The 
gap spacing between the adjacent cells were maintained at 3 mm, in 
which 1 mm thick PCMs were attached at the surface of each cell with 1 
mm mini air channel in between as shown in Fig. 1 (b). The height of the 
heatsink is divided into three equal sections each filled with different 
PCMs. The air passage including inlet and outlet, the PCM 1, PCM 2, and 
PCM 3, and the batteries were also illustrated. Different designs of PCMs 
distribution were tabulated in Table 2. In each design, the PCMs 
arrangement is considered starting from the bottom (adjacent to the air 
inlet) to the top (adjacent to the air outlet) of the battery module. For 
instance, in design 1 (DI), PCM 1 is placed at the bottom, PCM 2 at the 
midsection, and PCM 3 at the top part, which is summarized as PCM 
1-2-3. To select a PCM for BTM, two important parameters such as latent 
heat and melting temperature should be considered. In order to achieve 
effective heat dissipation and uniform temperature distribution in the 
entire battery module, PCM with melting point below 45 ◦C should be 
chosen to maintain the maximum temperature below 50 ◦C [43]. The 
specifications of the selected PCMs used in this work are summarized in 
Table 3. Moreover, to further optimize the thermal performance of the 
proposed system, four different cases for the PCMs volume fraction were 
investigated systematically as depicted in Table 4. The height of the heat 
sink is divided into three unequal sections and filled with different PCMs 
as shown in Fig. 1(c). 

3. Numerical solution 

3.1. Mathematical model and boundary conditions 

Generally, in Li-ion battery the heat released via electrochemical 
reaction and Joule effect are the two primary heat sources. For a con-
stant discharge rate, uniform heat generations is presumed inside the 
cell. The generated heat within the cell will then be absorbed by the PCM 
through conduction and the forced air circulation assists in cooling the 
PCM. Based on finite volume method, numerical simulations were car-
ried out to investigate the thermal behavior of the cells. The commercial 
CFD package (FLUENT 17.2) was employed to discretized and solve the 
governing conservation equations. 

The conjugate heat transfer scheme is adopted for the stated prob-
lem. Adiabatic boundary condition was chosen for the whole surfaces 
except the velocity inlet and outlet which were taken as inlet and 
outflow boundary conditions, respectively. The governing energy 
equation of the battery is given as: 

ρbCp,b
∂Tb

∂t
=∇(kb∇Tb) + Qg (1)  

where ρb, Cpb, Tb, and kb are the density, specific heat capacity, tem-
perature, and thermal conductivity of the battery, respectively. The Qg 
represents the generated heat in the battery. 

The enthalpy-porosity method is adopted to treat the liquid/solid 
phase change during the PCM melting process. For the phase transition 
of PCM, the energy equation is given as follows: 

ρ ∂H
∂t

= k
(

∂2T
∂x2 +

∂2T
∂y2

)

+ S (2)  

H =Ho + ΔH (3)  

Ho =Href +

∫T

Tref

Cp,PCMdT (4)  

ΔH = βγ (5)  

β=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Ts

T − Ts

Tl − Ts
Ts < T < Tl

1 T > Tl

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(6)  

where H, T, and S symbolize the total enthalpy, temperature, and source 
term of the PCM, respectively. Ho represents the sensible enthalpy, and 
ΔH denotes the latent heat content which changes between solidifica-
tion and γ (melting). The Href, Cp,PCM, β, Ts, and Tl are the specific 
enthalpy at reference temperature, specific heat capacity of PCM at 
constant pressure, liquid fraction, solidus temperature, and liquidus 
temperature, respectively. 

For the air flow in the mini-channels, a laminar flow was considered 
entering each air channel and the governing conservation equations are 
as follows: 

∂ρa

∂t
+∇(ρa v→)= 0 (7)  

ρa
∂(v)
→

∂t
+∇

(

ρa v→ ⋅ v→
)

= − ∇P (8)  

ρaCp,a
∂Ta

∂t
=∇(ka∇Ta) (9)  

where, ρa, P, Cp,a, ka, Ta, and v→ are the density, static pressure, heat 
capacity, thermal conductivity, air temperature, and velocity vector of 

Table 1 
Properties and dimension of the prismatic cells [42].  

Properties/dimension Value 

Active area dimensions (mm) 6 × 145 × 255 
Density (kg∙m− 3) 2335 
Specific heat capacity (J∙kg− 1∙K− 1) 745 
Thermal conductivity (W∙m− 1∙K− 1) 27 (along surface) 

0.8 (in thickness direction)  
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the air, respectively. 
The pressure based, and second order transient model was employed. 

The SIMPLE algorithm was adopted to handle the velocity-pressure 
coupling. The iteration convergence was set whereby the residuals for 
the governing equations for flow was 10− 5 and for thermal energy was 
10− 7. The time step was 1 s, and the iterations per time step was set to be 
60 to assured that the computation converged in each and every time 
step. The assumptions uphold in the simulations are as follows. The 
thermophysical properties are constant and isotropic except the thermal 
conductivity. An orthotropic thermal conductivity was considered for 
the cells. The initial temperature of the module and ambient tempera-
ture are the same (27 ◦C). The volume change and fluid flow of the PCM 

were not considered. The radiation effect is also neglected. 

3.2. Grid independence verification 

To validate the numerical solution, grid independence tests were 
carried out under 0.227 m/s and 300 K flow rate and inlet temperature, 
respectively. Three different grids were generated consisting 15,895, 
52,700 and 112,453 cells. The maximum battery temperature and outlet 
air temperature are chosen for convergence criteria. As shown in 
Table 5, the maximum difference among the results is below 0.012%. 
Therefore, the midium grid (52,700 cells) is selected in this study. In 
addition, the current work is validated with the numerical results ob-
tained by Fan et al. [42]. The effect of gap spacing between the cells is 
considered with air flow rate at 20.4 m3/h after 600 s discharge time. 

Fig. 2 compared the STDV of the temperature field in the battery 
module at the end of 600 s discharge time predicted in this work and in 
Ref. [42]. 

4. Results and discussion 

To begin with, preliminary studies were carried out to assess the 
thermal performance of the battery module whereby, a single PCM 
configuration (as a benchmark) is compared with that of multiple PCMs 
configurations as depicted in Fig. 3. The dash, dot, and dash-dot lines 
signify the benchmark configuration with only PCM 1, PCM 2, and PCM 
3, respectively. The connected solid lines with symbols denoted multiple 
PCMs arrangement (see Table 2). It can be seen that, the single and 
multiple PCMs configurations have different variation trends in tem-
perature rise. The graphs of the benchmark configurations can distinctly 
be noticed having sharp curves prior, during and after melting of the 
PCM. At early discharge process, the single PCM 1 and PCM 2 designs 
exhibited higher temperature rise among the rest of the configurations. 
Comparing to single PCM 1 design, the PCM 1-3-2 and PCM 2-3-1 
schemes for example, decreased the maximum temperature each by 
3.1 K at 600 s. This can probably be attributed to the high melting point 
of the PCM 1 that takes time before it started absorbing the heat from the 
battery surface. Likewise, the PCM 1-3-2 and PCM 2-3-1 configurations 
successfully decreased the maximum temperature upsurge by 1.3 K 
compared to the sole PCM 2 design. The single PCM 3 scheme demon-
strated the lowest temperature rise until 2450 s, however, it suffers the 
worst thermal status together with PCM 2 scheme at the end of the 
discharge process. Contrary to a single PCM configuration, the multiple 
PCMs modules illustrated mild temperature upsurge both at the 

Fig. 1. Schematic of the battery module showing (a) complete module with the battery units, (b) simplified module with three equally distributed PCMs, and (c) 
module with three unequally distributed PCMs. 

Table 2 
PCMs distribution schemes.  

Design PCMs arrangement (bottom-up) Short form 

DI PCM 1 – PCM 2 – PCM 3 PCM 1-2-3 
DII PCM 1 – PCM 3 – PCM 2 PCM 1-3-2 
DIII PCM 2 – PCM 1 – PCM 3 PCM 2-1-3 
DIV PCM 2 – PCM 3 – PCM 1 PCM 2-3-1 
DV PCM 3 – PCM 1 – PCM 2 PCM 3-1-2 
DVI PCM 3 – PCM 2 – PCM 1 PCM 3-2-1  

Table 3 
Specifications of the selected PCMs [44].   

PCM 1 PCM 2 PCM 3 

Melting temperature range (◦C) 34–36 29–36 27–33 
Main peak melting (◦C)a 35 33 31 
Heat of fusion (kJ∙kg− 1) 240 160 165 
Specific heat (kJ∙kg− 1∙K− 1) 2 2 2 
Density solid/liquid (kg∙m− 3) 880/770 860/770 880/760 
Thermal conductivity (W∙m− 1∙K− 1) 0.2 0.2 0.2  

a Values adopted in the simulations. 

Table 4 
PCMs volume fraction according to the height (H) of the heat sink.  

Case Bottom PCM Middle PCM Top PCM 

I H/3 H/3 H/3 
II H/2 H/4 H/4 
III H/4 H/2 H/4 
IV H/4 H/4 H/2  
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beginning and end of the discharge. The multiple PCMs arrangements 
effectively suppressed the rapid temperature rise by at least 6.0 K 
compared to the individual PCM 2 and PCM 3 scheme at 3600 s. 
Whereas, the PCM 1 outperformed multiple PCMs designs in reducing 
the temperature rise by at least 3.2 K at 3600 s. Thus, it can be worth 
noting that multi-PCMs configurations in a battery module incorporated 
with force air convection, can remarkably control the temperature rise 
at a desired range both at early and later discharge process. 

4.1. Effect of air inlet velocity 

In this section, the thermal behavior of the proposed battery module 
was further assessed by considering different air inlet velocities. Based 
on the assumptions that the corresponding values of the Reynold 
numbers (Re = 370, 800, 1230, 1660, and 2090) entering the air 
channels were in laminar phase and distributed evenly [42], the tem-
perature profile of the module is presented in Fig. 4. 

The design DIV (PCM 2-3-1), meaning that PCM 2 placed at the 
bottom section, PCM 3 at the midsection, and PCM 1 at the top region is 
employed. As illustrated in Fig. 4 (a), increasing the inlet velocity de-
creases the temperature rise, which can clearly be distinct after 2000 s of 
discharge. At early discharge stage, that is before the PCMs completely 
melted, the inlet air velocity has minimal effect on mitigating the tem-
perature rise. Moreover, the temperature difference (ΔT) within the 
battery is evaluated and presented in Fig. 4 (b) and (c). Two extreme 
positions were considered Tcore - Tte (Fig. 4(a)), and Tcore - Tbe (Fig. 4(b)). 
Initially, the value of ΔT drops below zero in both Fig. 4(a) and (b) and 
then rise as the discharge prolonged. Increasing the air inlet velocity 
minimizes the temperature values (Fig. 4(a)), which is contrary to Fig. 4 
(c). At early discharge stage, the temperature at the core (Tcore) of the 
batteries were lower than at the two extreme points (Tte and Tbe). The 
reason is that the PCM having lower melting point (PCM 3) among the 
three PCMs is situated at the midsection of the battery module and thus, 
it first absorbed the heat during phase transition. 

Consequently, its thermal function triggered and started melting by 
absorbing the excess heat from the batteries at that region prior to the 
remaining PCMs. However, the temperature difference in both the two 
cases are well below the recommended limit (5 ◦C). The medium value 
of the Reynold numbers (Re = 1230), which is equivalent to 0.124 m/s 
of the inlet velocity is thus selected for the subsequent analysis based on 
trade-off between the maximum temperature rise, temperature unifor-
mity, and fan power requirement. 

4.2. Constant Tmelt, different latent heat and vice-versa 

To better understand the thermal performance of the proposed BTM, 
we also analyze the thermal effectiveness of the battery module based on 
assumptions that, maintaining a similar melting temperature (Tmelt) of 
the three PCMs and varying the latent heat, and vice-versa. The air inlet 
velocity and temperature were considered to be 0.124 m/s and 300 K, 
respectively. 

4.2.1. Evolution of temperature control based on constant Tmelt, different 
latent heat 

Fig. 5 (a) and (b) depict the maximum temperature upsurge and the 
STDV of the temperature within the individual batteries after 600 s 
discharged, respectively. It can be seen that, the configurations having 
lower latent heat at the bottom (adjacent to the air entrance) side and 
higher latent heat at the top (adjacent to the air outlet) part of the 
battery module exhibited lower temperature rise and better even tem-
perature distribution compared to the remaining four configurations. 

This can be explain as follows. As the PCM absorbed and stored the 
generated heat from the battery, the cooling air drives in and dissipates 
the excess heat out of the battery module. The air entered from the 
bottom to the top section of the battery module becomes hot as it passes 

Table 5 
Grid independence tests for design I (DI) under 0.227 m/s and 300 K.  

Flow time (s) Battery maximum temperature (K) Outlet air temperature (K)  

15,895 cells 52,700 cells 112,453 cells Max diff. (%) 15,895 cells 52,700 cells 112,453 cells Max diff. (%) 

600 305.401 305.369 305.377 0.010 305.341 305.309 305.317 0.010 
3600 316.662 316.661 316.660 0.001 316.471 316.493 316.487 0.007 

The trend of standard deviation in this study portrayed good agreement with that in Ref. [42], having a maximum deviation of 4.5% error, which signifies that the 
established model is practically reliable. 

Fig. 2. Results comparison of STDV of temperature field within the batteries at 
t = 600 s. 

Fig. 3. Temperature profile of single PCM and multiple PCMs configurations.  
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through the mini-channel. Thus, the PCM adjacent to the air outlet 
absorbed extra heat from the passing air. The PCM with lower latent 
heat can probably melt and exhausted its heat of fusion prior to the end 
of discharge, which will directly affect the thermal performance of the 
batteries. Whereas, the PCM with higher latent heat at the outlet region 
can take advantage of its latent heat to absorbs the excess heat and 
control the temperature rise at that region. 

Thus, for multiple PCMs distribution integrated with air passages, 
placing PCMs with higher latent heat at the outlet regions will outper-
form other configurations in terms of lowering the temperature and 
providing temperature uniformity in the battery module. 

However, as the discharge period prolonged to 3600 s, the configu-
rations having higher latent heat at the midsections and outlet regions of 
the battery module illustrated almost similar performance with lower 
temperature upsurge compared to the arrangements with lower latent 
heat at the outlet zones, as shown in Fig. 5 (c). In contrast to the tem-
perature profile at the end of 600 s discharge (Fig. 5 (a)), the tempera-
ture in the module toward battery unit 8 increased (Fig. 5 (c)), indicating 
that the air flow rates differed at the individual air-channels regardless 
of the uniform given values in the simulations. This similar phenomenon 
was also observed by Fan et al. [42]. Likewise, for the temperature 
uniformity in the module, the PCMs arrangement with higher latent heat 
at the outlet regions again demonstrates better thermal performance 
portraying minimum values of STDV at the end of 3600 s discharge. 

4.2.2. Evolution of temperature control based on constant latent heat, 
different Tmelt 

Now, maintaining a similar latent heat (165 kJ/kg) for the three 
PCMs and varying their melting point, the thermal behavior of the in-
dividual cells are illustrated in Fig. 6. The maximum temperature and 
STDV of the temperature field after 600 s discharged are shown in Fig. 6 
(a) and (b), respectively. As shown, the PCMs arrangement with lower 
melting temperature at the midsection of the battery module (308-304- 
306) K exhibits low temperature rise compared to the remaining con-
figurations. The maximum temperature upsurge was lowered by 1.14 K, 
and simultaneously improved temperature uniformity by 0.52 K. The 
reason behind that could be, at early stage of discharge, the PCM situ-
ated at the middle began melting by absorbing abundant heat from the 
batteries which supresses the temperature rise in the battery module. 
That also yields a favorable temperature uniformity as illustrated in 
Fig. 6 (b). 

However, as the discharge period prolonged and the PCMs at all 
regions melted and exhausted their latent heat, the PCM configuration 
having higher melting point at the outlet zones (304-306-308) K 
demonstrated better thermal performance by lowering the maximum 
temperature rise by 0.3 K as depicted in Fig. 6 (c). The reason behind this 
phenomenon is similar to that explained in section 4.2.1. 

4.3. Thermal performance of different PCMs configurations 

To further understand the thermal effectiveness of the proposed BTM 
with multiple PCMs, different design of PCMs distribution (see Table 2) 

Fig. 4. Evolution of (a) maximum temperature, (b) temperature gradient between Tcore and aTte, and (c) temperature gradient between Tcore and TbTbe under different 
air inlet velocity (DIV selected). 
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were analyzed comprehensively. The air inlet velocity and temperature 
were maintained at 0.124 m/s and 300 K, respectively. Fig. 7 (a) and (b) 
present the maximum temperature and STDV of the temperature field 
within the individual battery units after 600 s. It is clear from the graphs 
that, assembling the PCMs according to their melting temperature and 
latent heat have impact on the temperature rise and temperature uni-
formity in the battery module. 

Design DVI (PCM 3-2-1) illustrated the worst scenario among the six 
configurations with a maximum temperature of 305.263 K, followed by 
design DI with a maximum temperature of 304.998 K at 600s discharge 
duration. Both designs have PCM 2 at the midsection. On the other hand, 
design DII (PCM 1-3-2) ameliorated the thermal performance having a 
maximum temperature rise of 304.181 K, followed by design DIV (PCM 
2-3-1) with a maximum temperature of 304.295 K. The two designs (DII 
and DIV) have PCM 3 at the midsection. Designs DIII and DV exhibited 
an intermediate thermal performance with design DIII displaying a 
lower temperature rise followed by design DV. Both configurations have 
PCM 1 at the midsection of the battery module. 

Another critical parameter to assess the battery thermal management 
system is the uniform temperature distribution in the battery module/ 
pack as it directly impact the battery life. Fig. 7 (b) presents the STDV of 
the temperature fields for the eight battery units at 600 s discharge 
duration. Design DII and DIV demonstrated superior uniform tempera-
ture distribution compared to the other four designs. They succeeded in 
improving the temperature uniformity by an average of 57%. It is worth 
noting that, among the PCMs arrangement discussed, designs DII and 
DIV illustrated better performance by supressing the temperature rise 
and improving temperature uniformity after 600 s of discharge. Both 
designs have PCM 3 at the middle of the PCMs distribution, which has 
the lowest melting temperature among the three PCMs. 

As the discharge time extended to 3600 s, design DII which illus-
trated better thermal performance at 600 s turn out to be the second 
worst among the remaining configuration with a maximum temperature 

rise of 314.761 K after 3600 s. Designs DIV and DVI (both having PCM 1 
at the outlet zones) exhibited lower temperature rise and provided better 
temperature uniformity as depicted in Fig. 7 (c) and (d), respectively. 
They decreased the maximum temperature in the battery module by 
1.03 K. In regard to even temperature distribution, design DIV increases 
the temperature uniformity in the battery module by 18%, 65.8%, 
67.7%, 88.6%, and 89.4% compared to design DVI, DV, DIII, DII, and DI, 
respectively. 

Fig. 7 (e) and (f) illustrated the air outlet temperature for the nine 
mini-channels at different discharge intervals. It was observed that the 
air outlet temperature depends exclusively on the PCM placed adjacent 
to the air exit zone. The designs DI and DIII which overlap one another 
presented lower temperature rise compared to the remaining configu-
rations at 600 s as shown in Fig. 7 (e). Both designs have PCMs with 
lowest melting point (PCM 3) at the air outlet regions. Contrary to design 
DI or DIII, design DVI having a PCM with highest melting point (PCM 1) 
at air exit region demonstrated higher temperature rise followed by 
design DIV (also with PCM 1 at air outlet zone). These results corre-
sponded reasonably with the contour of temperature in Fig. 7 (g). 
However, at 3600 s discharge intervals, the DVI exhibits lower tem-
perature profile followed by DIV. Again, DVI and DIV both have PCM 
with higher melting point (PCM 1) at the air outlet sections. Likewise, 
the configurations having PCMs with higher melting point (PCM 1) at 
the air entrance portrayed higher temperature profile than the remain-
ing designs. This phenomenal observation is in line with the preceding 
discussions. It can be concluded that considering the earlier (600 s) and 
later (3600 s) discharge durations, design DIV (PCM 2-3-1) exhibited 
optimal thermal performance in terms of mitigating the maximum 
temperature rise and temperature uniformity in the battery module. 

And if a battery thermal designer intends to achieve temperature 
uniformity and low temperature rise within a battery module integrated 
with multiple PCMs and air channels, design DIV should be the best 
choice. Thus, design DIV is selected and employed in the simulations for 

Fig. 5. Maximum temperature rise and STDV of the temperature field for the individual cells at 600 s (a, b), and 3600 s (c, d) under Tmelt = 306 K, and v = 0.124 m/s.  
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the subsequent sections. 

4.4. Thermal performance of PCMs volume fraction 

In this section, we assess the thermal behavior of the proposed BTM 
based on PCMs volume fraction. The volume fraction is considered ac-
cording to the height of the heatsink (see Table 4), in which the height is 
divided into three unequal sections and filled with three different PCMs. 
A similar approach has been investigated for thermocline thermal en-
ergy storage (TES) tank in our previous work [45]. 

Design DIV is employed and the air inlet velocity and temperature 
were considered as 0.124 m/s and 300 K, respectively. Fig. 8 (a) and (c) 
illustrated the maximum temperature of the individual battery units at 
600 s and 3600 s, respectively for the different cases studied. At early 
discharge stage, Case III portrayed the lowest temperature rise among 
the four cases with the maximum temperature of 303.751 K. 

On the other hand, Case IV depicted a higher temperature rise with a 
maximum temperature recorded as 304.958 K as shown in Fig. 8 (a). 
Case I and II exhibited mild temperature rise with maximum tempera-
ture of 304.293 K and 304.296 K, respectively. The temperature outlines 
of each of the individual case displayed almost straight lines indicating 
that, the thermal behavior within the individual battery units as well as 
the air flow rate within the nine channels were equal (Fig. 8 (a)). 
However, as the discharge period prolonged, Case IV demonstrated the 
lowest temperature rise with a value of 312.876 K, while Case III showed 
the highest temperature upsurge with a value of 315.429 K, as shown in 
Fig. 8 (c). These results are attributed to the PCM with lower melting 
temperature at the midsection of the battery module during early 
discharge, and the PCM with higher melting point at the adjacent of the 
air outlet regions when the discharge is prolonged, respectively. Con-
trary to the temperature outlines in Fig. 8 (a), the inner battery units (i.e. 

battery units 2 to 7) exhibited higher temperature rise than the sided 
battery units (i.e. battery units 1 and 8) as shown in Fig. 8 (c). This can 
be related to the absence of surplus heat from the sides of the corner cells 
(battery units I and 8). 

Likewise, for the temperature uniformity, the corresponding STDV at 
600 s and 3600 s are illustrated in Fig. 8 (b) and (d), respectively. Case 
III, which illustrated a lower temperature rise at 600 s, similarly pro-
vided a more even temperature distribution among the remaining three 
cases. It essentially improved the temperature uniformity in the battery 
module by 10.5%, 17.8%, and 46.3% compared to Case II, I, and IV, 
respectively, as shown in Fig. 8 (b). 

Nevertheless, Case I which exhibited second best thermal perfor-
mance in term of low temperature rise at 3600 s demonstrated better 
temperature uniformity among the four cases. It remarkably improved 
the temperature uniformity in the module by averagely 28.3%, 41.4%, 
and 63.0%, when compared with Case II, III, and IV, respectively. 

5. Conclusions 

With the aims of controlling the temperature rise and providing even 
temperature distribution in the battery pack, a mini heat sink integrated 
with multiple PCMs and air channels is proposed in this study. The 
height of the heat sink is divided into three sections and filled with 
different PCMs. The thermal performance and temperature homogeni-
zation of the proposed BTM system under various conditions were 
investigated. The conclusion remarks are thus drawn as follows:  

1. Increasing the air inlet velocity has less effect in mitigating the 
maximum temperature upsurge at early discharge stage, but 
improved significantly as the discharge prolonged to 3600 s. Like-
wise, the temperature difference was minimized with increasing the 

Fig. 6. Maximum temperature rise and STDV of the temperature field for the individual cells at 600 s (a, b), and 3600 s (c, d) under latent heat of 165 kJ/kg, and v =
0.124 m/s. 
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Fig. 7. Maximum temperature values at (a) 600 s, and (c) 3600 s. STDV of the temperature field within the individual battery units at (b) 600 s, and (d) 3600 s. Air 
outlet temperature at (e) 600 s, and (f) 3600 s. Contour of temperature at (g) 600 s. 
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inlet velocity as of Tcore - Tte, but was found to increase as of Tcore – Tbe 
incident.  

2. For constant Tmelt and varying latent heat, the configuration with 
lower latent heat at the bottom and higher latent heat at the top 
regions exhibited the least temperature rise and provided better 
temperature uniformity at 600 s. However, at 3600 s, the configu-
ration with higher latent heat at the midsection of the battery module 
demonstrated lower temperature rise compared to the remaining 
configurations.  

3. For constant latent heat and varying Tmelt, the PCMs arrangement 
having lower melting point at the midsection displayed lower tem-
perature rise and even temperature distribution than the remaining 
PCMs arrangements at 600 s. In contrast, the arrangement with the 
higher melting temperature at the outlet region provided a lower 
temperature profile after 3600 s. 

4. For the design of different PCMs arrangement, design DII out-
performed the remaining designs by lowering the temperature of the 
battery module and providing homogenised temperature distribu-
tion followed by design DIV at 600 s. However, after 3600 s, design 
DIV exhibited a better thermal performance and temperature uni-
formity and can thus be the best choice for a thermal designer.  

5. For the case of PCMs volume fraction, Case III illustrated the best 
thermal performance at early discharge stage while, Case IV depicted 
the worst. However, after a longer time of discharge, Case IV 
exhibited the lowest temperature rise but with the least temperature 
uniformity among the four cases. 
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