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A B S T R A C T   

This study investigates the thermal management of a battery module of an electric vehicle for the recovery of 
waste heat. In the evaluation of this waste heat, a two-phase flow system is used to provide a more effective heat 
transfer. The battery system was formed of 6 serial connected prismatic Lithium-Ion cells. It was aimed to design 
a 134.55 kW electric vehicle battery system. For this aim, 360 battery modules were used. The maximum amount 
of waste heat obtained from these modules was recorded as 6.192 kW. Since it is aimed to use this waste heat in 
the auxiliary cycles such as air conditioning and extra electricity production, R600a was used as the cooling 
media. A parametric study was conducted for different discharging rates (C) and depths of discharging (DoD) 
through computational fluid dynamics (CFD) for performing the thermal analysis of the battery module. The heat 
transfer coefficient was determined ranging between 1.10 and 5.49 kWm− 2 K− 1. The cooled module temperature 
was recorded between 290.93 K and 317.31 K, whereas it was recorded as 332.57 K for the non-cooled system. 
For secondary purposes, the refrigerant mass rate ranging between 0.2760 kgs− 1 and 0.6559 kgs− 1 was obtained 
in a temperature range of 283 K and 313 K.   

1. Introduction 

Electric vehicles provide many benefits, including environmental 
sustainability, energy independence, and economic advantages. There
fore, the prevalence of electric cars will play an essential role in the 
transportation sector in the future. The automotive industry faces un
desirable situations such as energy deficiencies and air pollution [1]. 
Electric and hybrid electric vehicles have greater energy capacity than 
fossil fuel and are environmentally friendly [2,3]. The lithium-ion bat
teries (Li-ion batteries) employed in electric vehicles are preferred over 
fossil fuel vehicles since they have many gains, including specific en
ergy, fast charging, being environmentally friendly, and having a lower 
weight [4,5]. The use of electric vehicles is becoming widespread to 
minimize the damage caused by emissions from vehicles to human 
health and the environment. If the energy needs of electric vehicle 
charging stations are met by renewable energy, the use of electric ve
hicles will become more widespread. Due to the limited availability of 
fossil fuels, which are widely used in the transportation sector, their high 
dependence on foreign sources, and their harmful emissions, the use of 

energy obtained from renewable sources in electric vehicles makes it 
even more attractive today [6,7]. Lithium-ion batteries have over
heating problems during charging and discharging, negatively impact
ing battery life and performance. In addition, as the battery temperature 
rises, the chemical reactions occurring inside the battery accelerate, 
which shortens the life of the battery. Therefore, the cooling process of 
lithium-ion batteries is essential to extend the battery life and improve 
performance [8]. Preventing high temperatures in battery units, mini
mizing temperature differences, and keeping the units within the desired 
operating temperature range prevent negative situations that may occur 
in the battery [9]. If the cooling efficiency of the batteries is insufficient, 
the discharge performance of the batteries, shortening of their life, and 
thermal leaks may occur. It causes undesirable conditions such as 
thermal runaway formation in the battery, exothermic reactions, igni
tion, and battery explosion. To ensure the long-term use of Li-ion bat
teries and the safety of the battery set, Li-ion battery cells should be 
designed in the best geometric shapes, and battery thermal management 
should be performed under appropriate cooling conditions [10]. The 
importance of cooling Li-ion battery units was increased to reduce the 
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high temperatures and prevent heterogeneous temperature distribution 
[11,12]. Li-ion batteries should be controlled at extremely high tem
peratures in addition to the harmful factors in the normal working 
process. It is seen that the formation of thermal runaways occurs at 
temperatures of 80 ◦C and above in the battery [13]. For this reason, the 
importance of the battery thermal management system (BTMS) is to 
keep the battery in the desired operating temperature conditions. The 
excellent design of thermal systems is essential in extending battery life, 
obtaining maximum power from the battery, and safe battery operation. 
[14–16]. For using the batteries effectively, the ideal temperature of the 
batteries specified in the battery user manual should be 20 ◦C–40 ◦C 
[17]. One of the methods for cooling lithium-ion batteries is applying 
coolant directly to the batteries. In this way, it is possible to recover 
some part of the generated heat by cooling the batteries, which can in
crease energy efficiency [18]. 

The rate at which the battery can be charged or discharged is called 
the C-rate. Another explanation of the C-rate is the magnitude of the 
current to be applied during the one-hour charge/discharge period. 
Except for the operating environment and the C ratio, the heat transfer 
coefficient (h) directly impacts the battery’s thermal properties [19,20]. 
Thermochemical and electrical properties of the lithium-ion battery, 5 
Wm− 2 K− 1, 10 Wm− 2 K− 1, and 25 Wm− 2 K− 1 at various convective heat 
transfer coefficients, and it was investigated at ambient temperatures of 
0 ◦C to 25 ◦C, at different rates of 0.5C, 1C and 1.5C [21]. Yetik and 
Karakoç [22] suggested a thermal system evaluation for LiMn2O4- 
graphite prismatic battery by evaluating natural and forced convection 
conditions at various discharge rates of 0.5C, 1.0C, 2.0C, and 2.5C. A 
tiny alteration in the heat transfer coefficient alters the battery tem
perature. For this reason, the convective heat transfer coefficient is vital 
for keeping the battery heat at the desired level and controlling it. 

Many studies were conducted in the literature to develop thermal 
management systems for Li-ion batteries, including preventing sudden 
temperature increases in the battery, eliminating thermal runaways, and 
keeping temperatures under control [23]. The most used methods in 
batteries are air cooling [24], liquid cooling [25], cooling with phase 
change materials [26], heat pipes [27], and different thermal systems 
designed in conjunction with the methods mentioned above [28,29]. Air 
cooling systems are widely used because the cost is cheaper than other 
systems. Air cooling systems become insufficient when the battery ca
pacity and the number of batteries are increased. Although liquid 
cooling systems are complex systems that negatively affect the vehicle’s 
weight, they are widely used for cooling electric vehicle batteries 
[30–32]. Problems arise when phase change materials (PCMs) are used 
in vehicles. The cost of heat pipes is higher in comparison to other 
systems, and they are affected by gravity. PCMs and heat pipes are not 
preferred due to the negativities during the cooling process [33–36]. A 
hybrid cooling system was designed with 3 different cooling methods. 
The evaporation energy of water was used to increase the cooling effi
ciency of the battery module. It was concluded that using the hybrid 
cooling method reduces the pump power and required air flow rate for 
the cooling design. They stated that this situation will contribute to the 
energy requirement of the electric vehicle to some extent [37]. To in
crease the performance of electric vehicles, analysis of different cooling 
channels was carried out with ANSYS. In a design where water is used as 
the coolant, a rectangular design yielded good results. It was also been 
observed that curved channels provide a more effective performance 
than open channels [38]. 

The dual-phase refrigerant model can be preferred in thermal man
agement systems as an alternative to current cooling media. The heat 
generated in the battery can be removed from the system much faster 
than traditional methods depending on the higher heat convection 
value. The dual-phase fluid cooling method has been investigated for 
many devices [39]. The samples include the fuel cells with polymer 
electrolyte membranes (PEMFC) in which heat is generated by the 
thermochemical reaction as in Li-Ion batteries [40,41]. However, an 
additional cooling unit is needed for these kinds of systems. For an 

electric vehicle (EV), the cooling units used in existing air conditioning 
(AC) systems can be made compatible with two-phase refrigerants by 
making minor changes [42–44]. Gao et al. [45] perform a thermal 
analysis of the battery module. R410a was chosen as the refrigerant 
directly applied to the module. Regarding their work, they proposed a 
new safety thermal system integrated with the cooling system. Al-Zareer 
et al. [46,47] performed a thermal analysis of a battery pack cooled with 
R134a. They placed the batteries inside the battery pack filled with 
refrigerant. In this method, a cooling design is carried out for each 
battery. So, they stated that the cooling process occupies a considerable 
area. Park et al. [48] studied the thermal management of the battery 
using mini-channel heat sinks. They used R134a as the heat transfer 
media. According to the results of the cooling analysis carried out with 
the dual-phase fluid, the cooling process showed an excellent perfor
mance depending on the independence of the ambient temperature. In 
batteries, cooling system designs with dual-phase refrigerant provide a 
successful solution to ensure the ideal operating temperature range of 
the battery. The system can be directly integrated into the vehicle air 
conditioner [49]. The two-phase immersion cooling method was 
experimentally evaluated in 18,650-type Li-ion battery cells under 
different operating conditions. Different cooling systems, including 
natural cooling, forced convection, mineral oil, and SF33 dual-phase 
fluid, were compared. Due to its high heat transfer efficiency, two- 
phase liquid cooling has shown that it can be effectively used in the 
thermal management of lithium-ion batteries. SF33 showed that dual- 
phase cooling has a superior cooling performance compared to other 
systems [50]. A study on a two-phase liquid immersion cooling system 
used in data centers evaluated the reliability and energy efficiency of a 
newly designed two-phase cooling system for data centers. It is seen that 
the two-phase cooling system examined in this study gives better results 
than other systems [51]. In the experimental study, dual-phase fluid was 
used to cool the battery pack. It was stated that the cooling process of the 
cells was examined by the direct contact method by taking advantage of 
the liquid-vapor phase change feature of the fluid. In the research, the 
effect of refrigerant height and different discharge rates on maximum 
temperature was examined. Increasing the immersion height further 
reduces the maximum battery temperature, especially when the 
discharge rate is high [52]. The cylindrical LiFePO4 lithium-ion battery 
was operated at different discharge rates between 4C and 10C. It has 
been observed that the immersion cooling method provides effective 
heat transfer from the battery surface when the fluid transitions to a 
dual-phase state. Under the same conditions, this method appears to 
provide superior performance compared to single-phase liquid immer
sion cooling [53]. Recently, it has been argued that the use of dual-phase 
fluids in the thermal analysis of batteries will gradually increase. They 
stated that the battery temperature is more homogeneous thanks to the 
phase change of the dual-phase fluid used, but when compared to this 
cooling system with traditional methods, these fluids must have some 
properties due to the flammable properties of the dual-phase fluids. At 
the same time, dual-phase fluids are lightweight, making them more 
attractive to use for electric vehicles [54]. 

Thanks to the high latent heat of evaporation of the fluid, the heat 
released during the operation of the battery module can be transferred 
more effectively. In addition, the temperature distribution obtained 
from the battery module would be very smooth since the temperature of 
the refrigerant is almost equal during the cooling process. In this study, a 
LiMn2O4 lithium-ion prismatic battery with 14.6 Ah was performed for 
an electric vehicle. The battery unit was designed in the form of 6 serial 
connected batteries. The unit was evaluated at different C-rates. In the 
thermal management system, the battery unit was considered an evap
orator of the vehicle’s auxiliary subsystem. The refrigerant R600a was 
chosen as the cooling media to remove the waste heat generated by the 
battery unit since it was aimed to evaluate the working fluid for extra 
aims, such as air-conditioning and electricity generation in the auxiliary 
cycles. In this regard, different inlet temperatures and mass ratios were 
evaluated to provide suitable working environments for the batteries. 
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The heat transfer coefficients were determined parametrically consid
ering the phase change. In this regard, computational fluid dynamics 
(CFD) analyses for the thermal behavior of the lithium-ion battery were 
performed. 

2. Material and method 

This study aims to obtain thermal management of a Li-ion battery 
system through two-phase heat transfer depending on the higher heat 
transfer coefficients. Thus, the removed heat from the battery would be 
used for the second aim as well as to obtain a homogenous surface 
temperature for an efficient operation. The schematic of the thermal 
management system is given in Fig. 1. 

According to Fig. 1, R600a was chosen as the cooling media due to its 
common use in refrigeration systems and environmental properties, 
such as global warming and ozone depletion potential. The generated 
heat in the Li-ion cell is removed during the boiling process of R600a. 
Later, the gas and liquid phases are separated. The gas phase is directed 
to an auxiliary system to be used for the second purpose, such as a mini- 
ORC, thermoelectric generator, or refrigeration cycle. The battery unit is 
modeled in consideration of the prismatic Li-ion battery cell. The battery 
unit includes six prismatic batteries in a series connection. A prismatic 

Li-ion battery with a capacity of 14.6 Ah and a size of 192 × 145 × 5.4 
mm was employed in the analyses. The battery contains a LiMn2O4 
cathode and graphite-based anode. Fig. 2 shows the battery unit used for 
analysis. Battery information is shown in Table 1. 

2.1. CFD analysis 

The Newman-Tiedemann-Gu-Kim (NTGK) model is a mathematical 
model developed to analyze the electro-thermal process of Li-ion bat
teries. The NTGK model examines the internal structure of the battery to 
calculate electro-thermal interactions in detail. This model includes 
factors such as conductivity between electrodes, diffusion between 
electrodes and electrolyte, electrochemical reactions on electrode sur
faces, and internal resistance of the battery. It contains thermal equa
tions to calculate the heat generated and temperature distribution inside 
the battery, depending on these factors. Temperature and thermal ana
lyses of the battery unit were examined with the NTGK model in the 
ANSYS Fluent program, taking into account the initial temperatures, 
different refrigerant inlet temperatures, and different C ratios. [55,56]. 
Polarization values and equations used in the model are given by 
Ref. [56–59]: 

∂ρCpT
∂t

= σ+|∇φ+|
2
+ σ− |∇φ− |

2
+Qg (1)  

∇.(σ+∇φ+) = − (JECh − Jshort) (2) 

Fig. 1. Schematic of the dual-phase thermal management system.  

Fig. 2. The 3D appearance of the battery unit (a) and in the XY plane (b).  

Table 1 
Specifications of Li-ion battery.  

Specifications Value 

Battery capacity 14.6 Ah 
Maximum voltage 4.2 V 
Minimum voltage 3.0 V 
Cathode material LiMn2O4 

Anode material Graphite 
Electrolyte Polymer-based 
Dimensions (mm) 192 × 145 × 5.4 
Cooling plate (cover) Aluminum; 192 × 145 × 3  
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∇.(σ− ∇φ− ) = (JECh − Jshort) (3)  

JECh = αY[U − (φ+ − φ− ) ] (4) 

The terms σ+ and σ− in the equation represent the positive and 
negative electrical conductivity of electrons, and the terms, φ+ and φ−

represent the phase potentials of positive and negative electrodes. Qg 
gives the amount of heat produced in the cell. JECh is the volumetric 
current delivery rate, and Jshort is the current conductivity rate. Y and U 
represent the open-circuit potential voltages of the battery as variables 
that vary with the battery’s discharge level [60,61]. U and Y values were 
obtained using the experimental studies [56,59,62]: 

U = a0 + a1(DoD)+ a2(DoD)2 + a3(DoD)3 (5)  

Y = a4 + a5(DoD)+ a6(DoD)2 (6) 

Here a0-a6 are the coefficients obtained due to the polynomial curve 
[63]. The DoD value is given by Ref. [56]: 

DoD =
Vb

3600 QAh

(∫ t

0
jdt
)

(7)  

where Vb is the battery voltage, J is the current density, t is the flow time 
during the discharge process, and QAh is the capacity (Ahm− 2) of the 
electrodes. The heat transfer is managed by the conductive equality with 
the heat source component [56]: 

∂ρCpT
∂t

− ∇.(k∇T) = q̇ (8)  

where k gives the thermal conductivity and Cp the thermal capacity of 
the battery. The heat transfer from the battery surface to the external 
environment is given by ref. [56]: 

q = h(Ts − Tb) (9)  

where q is the heat flow, and h is the heat transfer coefficient. Ts and Tb 
are the surface temperatures and the ambient temperature. The con
trolling equations of continuity and momentum are given as follows: 

∂ρ
θt

+∇.(ρ v→) = 0 (10)  

∂u
�

θt
+( v→∇) v→= −

∇p

ρ +
μ
ρ.∇

2 v→= 0 (11) 

Fig. 3. Validation of simulation results.  

Fig. 4. Mesh structure.  
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Simulation results obtained by CFD analysis were compared with 
those of Ref. [63] performed for the validation. The alterations in bat
tery temperatures with flow time for analysis results (current study) and 
experimental results are given in Fig. 3. 

According to Fig. 3, the correlation coefficients (R2) were found to be 
0.963, 0.971 and 0.987. Mean average percentage error (MAPE) values 
were determined to be 0.3580 %, 0.1635 % and 0.5538 %. The obtained 
results are highly compatible with the experimental findings. Thus, it 
has been proven that the battery model can be used with high accuracy. 
The meshing was conducted by the hybrid mesh structure. The overall 
mesh structure of the LiMn2O4 battery unit is presented in Fig. 4. 

The NTGK model was used for different mesh number conditions at a 
5C rate. In the analysis, the ambient temperature was accepted as 300 K. 
The thermal variation of the maximum cell temperature based on the 
increase in the number of cages is given in Fig. 5. 

According to Fig. 5, temperature alterations are given depending on 
the mesh number. Accordingly, it was observed that the battery tem
perature lowered from 315.3618 K to 315.3567 K depending on the 
increase in the number of elements from 235,638 to 304,535. According 
to this result, the alteration in terms of the maximum battery 

temperature was 0.051 K. The mesh independence test was sufficient to 
perform a 304,535 element count analysis. 

2.2. Heat generation 

The heat rates generated by the operation of the battery module are 
required to perform the thermal analysis of the battery module effec
tively. The Bernardi formula is generally used to determine the heat 
generation obtained from lithium-ion batteries [64]. Heat generation 
occurs due to electrochemical reactions occurring in the battery cell. The 
heat generated in the battery generally consists of reversible, irrevers
ible side reactions and mixing heat. Irreversibility generally increases as 
the amount of current applied to the battery increases. During the 
discharge of the battery, the joule heat generated due to electrochemical 
reactions is encountered as heat generated due to side reactions and 
mixing heat. The heat of mixing and side reactions are mostly negligible 
[65–69]. The heat production equation in the cell, which is widely used 
by Bernardi et al., is expressed as follows [70]. 

Fig. 5. Grid independence of mesh structure.  

Fig. 6. Validation of heat transfer model [77].  

A. Mavi and O. Arslan                                                                                                                                                                                                                        



Journal of Energy Storage 77 (2024) 109964

6

q = I2R(I, SOC) − IT
∂E(SOC)

∂T
(13)  

qj = I2R(I, SOC) = I(E(SOC) − U(I, t) ) (14)  

where q is the heat generation rate, and I is the discharge current applied 
to the battery. R is resistance, T is the battery temperature, E is the open 
circuit Voltage, U is the terminal voltage, qJ is the Joule heat, SOC is the 
state of charge, and IT ∂E

∂T is heat that occurs by reversible electro
chemical reactions. According to Eq. (13), the heat generation rate of the 
battery varies depending on the ambient temperature, discharge rate, 
and direct current (DC) resistance. The irreversible Joule heat depends 
on the battery’s DC resistance. DC resistance essentially consists of 
ohmic and polarization resistance [71]. Irreversible Joule heat can be 
preferred as a heat source compared to non-reversible [72]. 

The heat dissipation in the battery cell can be considered as the mass 
point, with constant heat generation and a constant internal tempera
ture at any time. For this reason, using the lumped parameter method in 
solving the heat transfer equations of the battery will help solve the 

problems more straightforwardly than the complex structure [68]. The 
thermodynamic properties, such as temperature and heat generation at a 
particular time (t), are estimated by minimizing the time intervals 
during battery discharge. 

2.3. Heat transfer modeling 

The convective heat transfer coefficients for the two-phase flow were 
considered in the model. In controlling the temperature of the battery 
unit, it was assumed that the surface of the cooling plate was made of 
aluminum. The unit was handled as an evaporator to evaluate the waste 
of the heat transferred from the battery surface. In this aim, a heat 
transfer model based on a phase change process was proposed. R600a is 
selected as cooling media, which can later be evaluated in the auxiliary 
systems such as organic Rankine cycle (ORC), thermoelectric unit, or 
cooling cycle [73–75]. The heat transfer coefficient (h) for the two-phase 
(boiling) fluid is given as the sum of the bubble boiling (hk) and the 
forced convection coefficients (hz) [76]: 

Fig. 7. Voltage variations for different DoD levels.  
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h = hk + hz (15)  

where 

hk = 0, 023

(
G.(1 − x).D

μf

)0,8

Prf
0,4ƛf

D
.F (16)  

hz = 0, 00122

(
kf

0,79Cpf
0,45ρf

0,49

σ0,5μf
0,29hfg

0,24ρg
0,24

)

ΔTd
0,24ΔPd

0,75S (17) 

Here, ΔTd is assigned as the difference between the battery surface 
temperature (Tw) and the saturation temperature of the fluid (Ts), where 
ΔPd is the difference between the saturation pressure at Tw and the 
saturation pressure of the fluid at Ts. F, S, G, σ, x, μ, ρ, and k are defined 
as forced convection-boiling factor, effectiveness factor, mass velocity, 
surface tension, dryness factor, dynamic viscosity, density, and con
ductivity, respectively. The subscripts of f and g indicate the properties 
at saturated liquid and vapor points, respectively. In terms of the Mar
tinelli parameter (Xtt), F is defined by [76]: 

F = 1.0
1

Xtt
≤ 0.1

F = 0.235
(

1
Xtt

+ 0, 213
)0,736 1

Xtt
> 0.1

(18)  

where 

Xtt =

(
1 − x

x

)0,9(ρg

ρf

)0,5
(

μf

μg

)0,1

(19) 

In terms of Re number, S is given by [76]: 

S =
(
1 + 0, 12Re1,14)− 1 Re ≤ 32.5

S =
(
1 + 0, 42Re0,78)− 1 32.5 < Re < 70

S = 0.1 Re ≥ 70
(20)  

where Re is given in terms of F [76]: 

Re = F1,25

(
G.(1 − x).Dh

μf

)

(21)  

where Dh is defined as the hydraulic diameter considering a rectangular 
cross-section. The proposed model was validated with the literature 

Fig. 8. Temperature variation for the non-cooled case.  
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Fig. 9. The temperature variations of the battery surface for the non-cooled case; a) 1C, b) 2C, c) 3C, d) 4C, e) 5C.  

A. Mavi and O. Arslan                                                                                                                                                                                                                        



Journal of Energy Storage 77 (2024) 109964

9

data, and the results are given in Fig. 6. 
According to Fig. 6, R2 values were obtained as 0.9934 and 0.9926, 

whereas MAPE values were obtained as 4.4903 % and 2.5882 %. The 
results show that the simulated model is highly compatible. 

3. Results 

In this article, the NTGK model was applied considering different 
discharge conditions to provide numerical thermal data from a LiMn2O4 
battery unit bearing a nominal capacity of 14.6 Ah and 25.2 V. CFD 
analysis was conducted at 27 ◦C ambient temperature neglecting the 
busbar effects via ANSYS battery tool. In CFD analysis, the boundary 
conditions were selected as temperature and velocity of the cooling 
fluid. According to this, the non-cooled case was investigated first. In 

this case, the natural convection conditions (h = 5 Wm− 2 K− 1) were 
evaluated for a baseline. The voltage variation results are given in Fig. 7. 

According to Fig. 7, it can be seen that the decreasing trends of 
battery voltage are similar at different DoD values. As the C ratio in
creases, the tendency of the battery voltage to decrease also increases. It 
is seen that the maximum operating times of the battery cell also change 
at different C ratios. Discharge times vary according to the magnitude of 
the current applied to the battery. The longest discharge time is at 1C, 
and the shortest discharge time is at 5C. The higher the DoD value, the 
lower the battery voltage. Also, higher C ratios mean faster drops in 
battery voltage. Towards the completion of the discharge, the battery 
voltage drops rapidly due to the depletion of lithium ions on the anode 
side. This rapid drop in voltage leads to an increase in irreversible heat 
caused by chemical reactions. 

Fig. 10. Variation of heat transfer coefficients for different inlet temperatures at 5C.  
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The irreversible Joule heat is expressed in proportion to the decrease 
in Voltage and discharge rate. Therefore, a significant amount of heat is 
generated in the battery during high-speed discharges. The amount of 
heat produced in the designed battery module varies depending on the 
different operating conditions of electric vehicle batteries. One module 
of the battery pack at 5C discharge rate has a power of 0.367 kW. For the 
handled electric vehicle, a battery pack consisting of 360 modules with 
approximately 135 kW was considered. The amount of waste heat ob
tained from this battery module is 0.0172 kW, and the amount of waste 
heat obtained from the total battery module is 6.192 kW. In this regard, 
considering the waste heat, the density of the heater is stated as 1.10 
kW/m2 (0.91 m2/kW) for a battery module. The temperature variation 
for the non-cooled case is given in Fig. 8. 

According to Fig. 8, the maximum temperatures (Tmax) are evaluated 
for different DoD levels. For a fully charged battery (DoD = 0), the 
maximum temperatures at discharge rates of 1C, 2C, 3C, 4C, and 5C 
were determined as 303.51 K, 309.83 K, 316.88 K, 324.53 K, and 332.57 
K, respectively. For (DoD = 0.2), the maximum temperatures at 
discharge rates of 1C, 2C, 3C, 4C, and 5C were determined as 303.46 K, 
309 36 K, 315.88 K, 322.34 K, and 328 K. For (DoD = 0.4), the maximum 
temperatures at discharge rates of 1C, 2C, 3C, 4C, and 5C were 

determined as it is 303.37 K, 308.55 K, 314.05 K, 319.43 K and 324.67 
K. For (DoD = 0.6), the maximum temperatures at discharge rates of 1C, 
2C, 3C, 4C and 5C were determined as it is 303.10 F, 307.02 K, 310.95 K, 
314.95 K, 314.69 K and 318.38 K. For (DoD = 0.8), the maximum 
temperatures at discharge rates of 1C, 2C, 3C, 4C and 5C were deter
mined as 302.34 K, 304.36 K, 306.13 K, 307.61 K and 308.84 K. The 
variation of the applied discharge rate has a significant effect on the 
thermal behavior of the battery. As the discharge rate increases, it is 
observed that the maximum temperatures formed on the battery surface 
also increase. The highest temperature was recorded as 332.57 K at a 
discharge rate of 5C when the battery was fully charged. It is seen that 
the discharge time of the battery decreases as the discharge rate of the 
battery increases. At the same time, the maximum temperatures 
decrease with the increase of DoD. The decrease in temperatures due to 
the increase in the discharge levels is that the number of ions transferred 
between the positive and negative poles of the battery decreases during 
the discharge process. A decrease in the number of ions reduces the 
number of electrons transferred between the two poles. Fig. 9 shows the 
temperature variations at various locations of the Li-ion battery for 
discharge periods of 1C–5C at DoD = 0. As mentioned earlier, high 
temperatures on the battery surface can produce harmful effects on the 

Fig. 11. Variation of battery surface temperature for the cooled case (m = 0.005 kg s− 1).  
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Lithium-ion cell and cause the battery module to fail. 
According to Fig. 9a, the maximum and minimum battery tempera

tures for the 1C discharge rate were observed, ranging between 
303.2546 K and 303.4601 K. The maximum temperature difference was 
recorded as 0.2055 K, approximately a homogenous surface. According 
to Fig. 9b, the maximum and minimum temperatures at the 2C discharge 
rate were between 309.5776 K and 310.0703 K, with a temperature 
difference of 0.4927 K. According to Fig. 9c, the maximum and mini
mum temperatures at the 3C discharge rate were between 315.8276 K 
and 316.9628 K. The temperature difference is 1.1352 K. According to 
9d, at a discharge rate of 4C, the maximum and minimum temperatures 
are 322.322 K and 324.218 K, with a temperature difference of 1.8957 
K. According to Fig. 9e, the maximum and minimum temperatures at 5C 
discharge rate are between 331.5722 K and 328,487 K with a temper
ature difference of 3.0852 K. It is observed that the temperature distri
butions are more homogeneous at 1C discharge rate compared to other 
discharge rates. Because the longest flow time is obtained for a discharge 
rate of 1C, the heat conduction time at the battery surface is sufficient. It 
was observed that the temperatures formed on the battery surface 
increased due to the increase in the discharge rate. When Fig. 9b, c, d, 

and e are examined, it is seen that an almost homogeneous temperature 
distribution is realized in all of them. It is seen that the changes in the 
discharge parameters also change the thermal distributions. It is seen 
that the battery temperature is at the minimum value at the edge posi
tions of the battery, while the maximum temperature is at the peak value 
in the upper middle parts of the battery. The obtained results are 
compatible with the literature [28]. In Fig. 9e, Tmax was obtained with 
the highest temperature and C ratio. At the same time, the shortest flow 
time was obtained at the highest discharge rate of 5C. The increase in the 
C ratio causes temperature increases by accelerating the electrochemical 
reactions occurring in the cell, and the homogeneity of the temperature 
distributions on the battery surface decreases as the discharge times will 
be shortened in parallel with the applied discharge current. 

For the cooled case, R600a as the cooling media was performed. In 
this case, the dual phase, including the gas and liquid phases, was 
evaluated since the phase change process results in higher heat transfer 
ratios depending on the higher heat transfer coefficients. Different inlet 
temperatures (283 K, 288 K, 298 K, 303 K, and 313 K) of R600a were 
investigated along with the different mass rates (0.001 kgs− 1, 0.002 
kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1, and 0.005 kgs− 1). The variation of the 

Fig. 12. Temperature variation for the different mass rates of R600a at 5C discharge rate.  
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heat transfer coefficients for 5C is given in Fig. 10. 
According to Fig. 10, it can be seen that the change of heat transfer 

coefficients according to different fluid inlet temperatures has similar 
trends. When the fluid inlet temperature was 283 K, minimum and 
maximum heat transfer coefficients were recorded as 1.31–2.22, 
2.05–3.28, 2.88–4.08, 3.44–4.80, 4.17–5.50 kWm− 2 K− 1 for the fluid 
mass rate of 0.001 kgs− 1, 0.002 kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1 and 
0.005kgs− 1, respectively. For 288 K, these values were recorded as 
1.17–2.12, 1.97–3.14, 2.65–3.91, 3.3–4.61, 4.05–5.27 kWm− 2 K− 1 for 
the fluid mass rate of 0.001 kgs− 1, 0.002 kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1 

and 0.005kgs− 1, respectively. For 298 K, these values were recorded as 
1.18–1.93, 1.76–2.88, 2.48–3.58, 3.02–4.23, 3.72–4.85 kWm− 2 K− 1 for 
the fluid mass rate of 0.001 kgs− 1, 0.002 kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1 

and 0.005kgs− 1, respectively. For 303 K, these values were recorded as 
1.15–1.83, 1.76–2.68, 2.30–3.36, 3.05–3.98, 3.54–4.56 kWm− 2 K− 1 for 
the fluid mass rate of 0.001 kgs− 1, 0.002 kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1 

and 0.005kgs− 1, respectively. For 313 K, these values were recorded as 
1.10–1.68, 1.62–2.52, 2.14–3.20, 2.53–3.72, 3.14–4.27 kWm− 2 K− 1 for 
the fluid mass rate of 0.001 kgs− 1, 0.002 kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1 

and 0.005kgs− 1, respectively. The change in the fluid inlet temperatures 
also changes the heat transfer coefficient. The highest heat transfer co
efficients were recorded as 5.496 kWm− 2 K− 1 for the flow rate of 0.005 
kgs− 1 and a fluid inlet temperature of 283 K. The lowest heat transfer 
coefficients were obtained as 1.10 kWm− 2 K− 1 for a fluid flow rate of 
0.001 kgs− 1 and a fluid inlet temperature of 313 K. In Fig. 11, the 
temperature distributions are given for the different fluid inlet temper
atures and discharge rates with the mass flow rate of 0.005 kgs− 1. 

According to Fig. 11, it is seen that the change of the C ratio is 
effective on the temperature distribution. When the C ratio increases, 
more current is supplied to the battery. The higher the discharge current 
applied to the battery during the discharge process, the higher the 
maximum temperature difference at the battery surface occurs. For this 

Fig. 13. The thermal distribution of the cooled battery unit.  
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reason, the generated heat in the battery increases. It can be more 
difficult to effectively dissipate this heat by conductive materials and 
conventional air-cooled systems. As a result, the temperature rise and 
the temperature difference at the battery become more noticeable. 
When the refrigerant inlet temperature was regulated to 25 ◦C, the 
maximum temperature differences were recorded as 0.415 K, 0.731 K, 
1.445 K, 1.731 K, and 2.597 K for discharge rates 1C, 2C, 3C, 4C, and 5C, 
respectively. Similar results were recorded for the other cases. The lower 
refrigerant inlet temperatures allow more effective cooling of the bat
tery. As the refrigerant inlet temperature increases, battery cooling ef
ficiency decreases. The change in fluid inlet temperature can affect 
battery cooling performance and determine battery operating temper
ature. However, to achieve the best performance from lithium-ion bat
teries, the batteries must operate within certain operating temperature 
ranges. Therefore, the fluid inlet temperature must be controlled within 
a specific range. This ensures that the battery is maintained within the 
desired operating temperature range. CFD analyses were also conducted 
for the cooled case of the battery by running the observed heat transfer 
coefficients at different mass rates of R600a. The temperature variation 
of the Li-ion battery unit at 5C is shown in Fig. 12. 

According to Fig. 12, the maximum temperature of the battery was 
recorded as 331.57 K for the non-cooled case. When the fluid inlet 
temperature is 283 K, and the fluid inlet velocities are selected, the 
maximum temperatures and their corresponding maximum temperature 
differences were obtained as 289.6744 K and 3.6744 K, 287.5390 K and 
2.5390 K, 286.8509 K and 2.4547 K, 286.4448 K and 2.1835 K, 
286.1870 K, and 1.9584 K for the R600a inlet mass rates of 0.001 kgs− 1, 
0.002 kgs− 1, 0.003 kgs− 1, 0.004 kgs− 1, and 0.005 kgs− 1, respectively. 
For a refrigerant inlet temperature of 288 K, these values were recorded 
as 293.9554 K and 4.0144 K, 292.1768 K and 3.3256 K, 291.4772 K and 
2.8995 K, 291.1526 K and 2.5875 K, 290.929 K and 2.0842 K. For 298 K, 
these values were recorded as 303.1883 K and 4.2174 K, 301.6749 K and 
3.6054 K, 301.1578 K and 2.8215 K, 300.8001 K, and 2.3513 K 
300.6254 K and 2.1226 K. For 303 K, these values were recorded as 
307.7168 K and 4.5326 K, 306.4776 K and 3.6048 K, 305.8454 K and 
3.2076 K, 305.5620 K and 2.862 K, and 305.3954 K and 2.6657 K. For 
313 K, these values were recorded as 317.3145 K and 4.539 K, 315.9219 

K and 3.8457 K, 315.5819 K and 3.0743 K, 315.3333 K and 2.8584 K, 
315.2057 and 2.7044 K. The temperature distribution of the Li-ion 
battery for discharge periods of 1C–5C and DoD = 0 is given in Fig. 13. 

According to Fig. 13, when the temperature distribution of the bat
tery module is examined according to the fluid inlet velocity, it is seen 
that the temperature of the battery decreases as the liquid inlet velocity 
increases. At the same time, the maximum temperature difference also 
decreases. The temperature at the positive tabs is higher than at the 
negative tabs due to the lower electrical conductivity of the positive 
electrode. When the battery module is generally examined, the tem
perature is 303.1883 K at a liquid inlet speed of 0.001 kgs− 1 and 
300.6254 K at a liquid inlet rate of 0.005 kgs− 1. The temperature dif
ference on the battery surface decreased from 4.4174 K to 2.1226 K. The 
temperature distributions on the battery surface become more homo
geneous with the increase in the fluid inlet velocity. Cooling has been 
observed to be more effective at higher fluid velocities by reducing the 
maximum temperature differences on the coil surface. In addition, since 
the inlet and outlet temperatures of the refrigerant are approximately 
the same due to phase change, the temperature distributions on the 
battery surface are more uniform. 

When the numerically obtained data were evaluated, the battery 
temperature was kept within the appropriate working temperature 
ranges, with temperature variances of <5 ◦C as appropriate to the 
literature [22,57]. Due to the higher heat transfer coefficients of the 
chosen refrigerant, cooling efficiency could effectively be achieved. The 
optimal operating temperatures for the battery were determined as 288 
K, 298 K, and 303 K. This extends the life and performance of the Li-ion 
battery cell. The temperature changes of the batteries are acceptable at 
all refrigerant inlet temperatures. The battery unit was kept within the 
desired temperature range for each fluid inlet rate. However, in cases 
where the fluid inlet temperature is below 288 K and above 313 K, the 
battery module is not kept within the desired temperature ranges. These 
operating temperatures can compromise the long-term operating per
formance of the battery module. The other important parameter of dual- 
phase cooling is the vapor quality (x) since R600a was aimed to be used 
in an auxiliary system. The variation of the vapor quality for 5C is given 
in Fig. 14. 

Fig. 13. (continued). 
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According to Fig. 14, the highest vapor quality was obtained as 0.97 
at a mass flow rate of 0.001 kgs− 1 and the refrigerant inlet temperature 
of 313 K. The lowest vapor quality (or degree of dryness) was obtained 
as 0.15 at a mass flow rate of 0.005 kgs− 1 and a refrigerant inlet tem
perature of 283 K. When the fluid inlet temperature was 283 K, the 
maximum dryness degree was recorded as 0.76 for the R600a inlet mass 
ratio of 0.001 kgs− 1. For the fluid inlet temperature of 288 K at the 
R600a inlet mass ratio of 0.001 kgs− 1, the maximum dryness degree was 
recorded as 0.90. For 298 K at the R600a inlet mass ratio of 0.001 kgs− 1, 
the maximum dryness degree was recorded as 0.87. For 303 K at the 
R600a inlet mass ratio of 0.001 kgs− 1, the maximum dryness degree was 
recorded as 0.90. 

Considering an approximately 135 kW power output, an electric 
vehicle needs 360 battery modules. When the inlet fluid temperature is 
283 K, the maximum amount of R600a to be used in the secondary cycle 
was recorded as 0.2820 kgs− 1. For the inlet fluid temperature of 288 K, it 
was recorded as 0.5169 kgs− 1. For the inlet fluid temperature of 298 K, 
these amounts were recorded as 0.4576 kgs− 1. For 303 K, it was recor
ded as 0.5208 kgs− 1. For the inlet fluid temperature of 313 K, it was 
recorded as 0.6559 kgs− 1. 

4. Conclusions 

In this study, a thermal management system of Li-ion batteries for an 
electric vehicle was analyzed. In this regard, a battery system including 
360 modules for a 135 kW electric vehicle was proposed. In the study, it 
was aimed to evaluate the waste heat of the battery modules in the 
auxiliary systems such as thermoelectric units and air-conditioning 
systems. Therefore, a two-phase heat transfer phenomena was con
ducted through the computational fluid dynamics (CFD) analysis using 
ANSYS software since the boiling heat transfer mechanism has a higher 
heat transfer coefficient. R600a was chosen as the cooling media in the 
thermal management process considering the auxiliary use. The 
considerable heat transfer coefficients ranging between 1.10 and 5.49 
kWm− 2 K− 1 were determined, which are higher than the conventional 
air-cooled system. The cooled module temperature was recorded be
tween 290.93 K and 317.31 K, whereas it was recorded as 332.57 K for 
the non-cooled system. For secondary purposes, the refrigerant mass 
rate ranging between 0.2760 kgs− 1 and 0.6559 kgs− 1 was obtained. The 
temperature of the refrigerant was determined in the range of 283 K and 
313 K. So, the handled two-phase thermal management of the battery 
system was found useful for secondary use such as thermoelectric unit 
and heat pump system (heating mode) of the electric vehicles. 

Fig. 14. Variation of the vapor quality (x) for different inlet temperatures at 5C.  
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The most significant disadvantage of using refrigerant is the risk of 
flame. However, the working conditions of the battery modules are 
within reasonable limits. Also, the available refrigerants should be 
considered at this point. The secondary cycles should also be carefully 
designed and optimized under the obtained results. 

Nomenclature 

Cp specific heat (Jkg− 1K− 1) 
F forced convection-boiling factor 
G mass velocity 
h heat transfer coefficient (kWm− 2K− 1) 
J current density 
jECh volumetrically current transfer ratio 
Short current transfer ratio 
k heat conductivity (Wm− 1K− 1) 
ṁ mass flow rate (kgs− 1) 
P pressure 
S effectiveness factor 
Pr Prandtl number 
Re Reynolds number 
t time (s) 
T temperature (K) 
Tinlet fluid inlet temperature (K) 
ΔTmax maximum battery temperature difference 
v velocity (ms− 1) 
V operational voltage (V) 
Qg heat generation 
q* heat flow 
U NTGK variable 
Y NTGK variable 

Subscripts 

f saturated liquid 
g saturated vapor 
max maximum 
k bubble boiling 
z forced convection coefficients 

Greek symbols 

∇ gradient operator 
a degree of conversion 
ρ density (kgm− 3) 
μ viscosity (kgm− 1s− 1) 
σ surface tension 
σ+ effective electric conductivities for the positive electrodes 
σ− effective electric conductivities for the negative electrodes 
φ+ phase potentials for the positive electrodes 
φ− phase potentials for the negative electrodes 

Acronyms 

3D three-dimensional 
CFD computational fluid dynamics 
C-rate current discharge rate 
DoD depth of discharge 
EV electric vehicles 
BTMS battery thermal management system 
ORC organic Rankine cycle 
NTGK Newman-Tiedemann-Gu-Kim 
PCM phase change materials 
SoC state of charge 
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