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Abstract

The new technology of electric vehicles (EVs) is a promising alternative to deal with energy crisis, environmental
pollution, global warming and climate change problems, as they are more environmentally friendly and efficient than
internal combustion engine vehicles. Lithium-ion batteries, considered to be the heart of EVs, require specific operating
conditions in terms of temperature. The most efficient operating temperature range for lithium-ion battery technology is
between 25°C and 40°C, and the peak temperature difference between cells should be less than 5°C. The performance of
battery decreases at values outside of the efficient operating temperature range. Therefore, an effective battery thermal
management system (BTMS) is essential to improve the performance of the vehicle in safe and economic conditions.
In this review, the methods of effectively dissipating the heat produced in the battery due to fast charging/discharging
processes, controlling the undesired temperature rise in the battery, the BTMS and working principles necessary for
ensuring EV safety and performance are addressed. In this regard, air-based cooling, phase change material based
cooling, heat pipe based cooling, liquid-based cooling, and hybrid cooling methods have been thoroughly investigated.
The advantages, drawbacks, application strategies and superior features of each method compared to the other are
discussed and recommendations are given for future works.
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1. Introduction

Diesel and gasoline vehicles release large amounts of CO,
CO,, SO,, NO_, HC, and particulate matter into the atmos-
phere [1,2]. Exhaust gases and particulate matter emitted
from internal combustion engine vehicles bring with them
problems that threaten the whole world, such as environ-
mental pollution, global warming and climate change.
191 countries signed the Paris Climate Agreement to alle-
viate these problems, which are getting worse on a global
scale [3]. With the depletion of fossil resources and the
increasing importance of renewable energy sources, sci-
entists have developed electric vehicles (EVs) and hybrid
electric vehicles (HEVs) that are more efficient and less
harmful to the environment than internal combustion en-
gine vehicles. In addition to promising zero emissions, to
create a cleaner environment and a greener future, EVs
have also become an attractive vehicle that requires less
energy cost per km than gasoline and diesel vehicles [4].
The energy for EVs is supplied by batteries which are one
of the most vital components of the electric vehicle. The
chemical properties of the battery and the type of battery
determine the life of the battery, operating temperature,
self-discharge rate, energy density, power capacity, and
charge/discharge rate [5]. Although many types of batter-
ies such as nickel-cadmium, lead-acid, solid-state, hybrid-
nickel metal and lithium-ion have been used in electric
vehicles from past to present, lithium-ion batteries stand
out with their high energy density, high output voltage,
being more environmentally friendly, no memory effect,
less affected by temperature compared to other batteries,
and low self-discharge rate [6,7]. However, lithium-ion
batteries are very demanding on operating temperatures.
The most suitable operating temperature for lithium-ion
batteries is between 25°C and 40°C, and the temperature
inequality between the battery cells should not exceed 5°C

[8]. As the temperature inhomogeneity increases, the bat-
tery life decreases [9]. At higher temperatures above these
conditions, battery capacity, performance characteristics,
life, and chemical structure are adversely affected [10]. At
extreme temperatures of 80°C and above, safety dangers
such as thermal runaway, electrolytic explosion, and the
release of hazardous gases may occur in the battery [11].
Thermal runaway is an undesirable situation that leads to
the battery cells to heat up too much, thus shortening the
service life of the battery [12]. Since the lithium-ion bat-
tery cell is limited to 2.4 - 4.2 V values, battery packs are
created by connecting the cells in series and parallel to
provide the desired voltage values and required perfor-
mance [13]. Due to space and weight constraints, battery
cells in contact positioned so closely affect each other
thermally and may trigger an explosion [14]. In addi-
tion, the efforts to charge the EV in a shorter time and the
applications to increase the power density to get a more
effective performance from the battery also increase the
heat generated in the battery, consequently, leading to a
rise in the temperature of the battery pack. Considering all
these, the battery thermal management system (BTMS)
is necessary to ensure the safety of the vehicle, improve
driving conditions and increase its performance. BTMSs
perform heating and cooling as needed to keep the battery
cells operating within the optimum operating temperature
[15]. Considering the fact that the vehicle is constantly in
motion and the ambient temperature changes depending
on the climatic conditions, determining the appropriate
BTMS strategy and developing and optimizing the BTMS
design is an important research topic. At this point, the
cooling load required by the battery, the battery type (cy-
lindrical, prismatic and pouch type), the vehicle type and
the ambient temperature are critical in managing the ther-
mal problems of the battery [16].
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2. Review Methodology

Currently, there are numerous studies on BTMS. This re-
view paper was compiled based on the studies between
2018 and 2023, especially including recent articles. Dur-
ing these years, the demand for EVs has boosted due to
the support of the country’s administrations and various
environmental concerns. In view of this situation, ef-
forts in this field have accelerated in order to cope with
the challenges. Numerous reports and research articles
on BTMS in the past and present have attempted to find
solutions to the challenges of heat management in elec-
tric vehicles. This article primarily focuses on the clas-
sification of BTMS, the advantages and disadvantages
of each method, and the developments in battery cooling
strategies in recent years. Therefore, articles published
in distinguished journals by leading scientists working
on BTMS were specifically investigated and included
in the current study. Research and review articles fallen
within the scope of this study were analyzed in detail. In
addition, internationally recognized journals and studies
written only in English were included in the review and
discussion process. In order to determine the most rele-
vant paper for the study, some keywords such as BTMS,
BTMS types, air-cooled BTMS, PCM-based BTMS, lig-
uid-cooled BTMS, HP-based BTMS, and Hybrid BTMS
were searched. The research, which specifically focused
on issues related to thermal management strategies, con-
straints and applicability of EV batteries, resulted in 94
articles deemed suitable for inclusion in the study. BTMS
types are addressed respectively, and their advantages,
disadvantages, cooling efficiency, and cost analysis are
discussed. Finally, research gaps of BTMSs, possible sce-
narios, and future studies are presented.
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3. Types of BTMS

The BTMS of an electric vehicle must ensure that the bat-
tery remains within the effective temperature range by
performing heating and cooling in the battery when nec-
essary, so that the vehicle performs within safe limits [17].
Ambient temperature is one of the important parameters
affecting the performance of electric vehicles. When the
ambient temperature drops below 0°C, the performance
of the battery declines significantly, due to fact that, at
these low temperatures, a lithium coating can suddenly
form in the battery pack [18]. Therefore, BTMS performs
heating to maintain the performance and chemistry of the
battery. It also performs cooling at temperatures exceed-
ing the limits of battery health and vehicle safety. In addi-
tion to the battery pack, software and hardware equipment
are used in BTMS to provide thermal safety [15]. Electric
vehicle developers are optimizing the use of high energy
density battery packs to increase vehicle range. However,
this requires BTMS to work more effectively. Techniques
used for BTMS can be divided into 5 groups; liquid-based
cooling, air-based cooling, heat pipe (HP) based cooling,
phase change material (PCM) based cooling, and combi-
nation of at least two aforementioned methods, i.e. hybrid
cooling [19]. The advantages, disadvantages, and system
component of these systems are presented in Table 1.
Literature survey regarding each BTMS technique men-
tioned above is discussed in separate subsections. The key
findings in literature for each technique are summarized
in the form of table.

Although the equipment, materials and design parameters
used in each of these systems are different, their intended
use and cooling performance also differ. Apart from this,
BTMSs are also classified according to the amount of en-

Table 1. Features of BTMS used in EVs to date.

BTMS Advantages Disadvantages System Components

Air based BTMS Uncomplicated structure, long life, Low cooling performance, high en-  Fans, ventilation channel
low cost, electrical safety, no risk ergy consumption
of leakage as in liquid-based and
PCM-based BTMS

Liquid based BTMS High cooling efficiency, more uni- High energy consumption, risk of Cold plate, heat pipe,
form cell temperature distribution leakage and complex structure jacket, pump

Heat pipe based BTMS Flexible geometry, less noise com-  Not sufficient when reaching high  Heat pipe
pared to air cooling and high cool-  discharge rates, risk of leakage and
ing high cost

PCM based BTMS More uniform temperature distribu-  Risk of leakage, lower thermal con-  Phase Change Material

tion, fast thermal response, no need
for extra energy, effective cooling
performance when integrated with
other systems

ductivity compared to liquid-based
BTMS
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ergy consumption, active and passive method [20]. The
classification of these methods into subtitles is summa-
rized in Figure 1. Passive methods do not require external
cooling or heating equipment. The use of fins, HP, and
PCM is among the most common passive methods. In the
active method, unlike the passive method, an extra energy
source such as a pump or fan is needed. Although this im-
proves cooling performance, it is also considered a costly
approach [21].

3.1. Air based BTMS

Air-based BTMS is one of the considerable methods that
can be used to keep the battery at effective operating tem-
perature [22]. Air-based BTMS continues to be preferred
in light-duty EVs thanks to its uncomplicated structure, no
risk of leakage, lightness, long life, and low cost [25-25].
However, as liquid-based BTMSs are developed and pro-
vide higher cooling performance, air-based BTMSs are
falling into the background. Air-based BTMS has disad-
vantages compared to liquid-based BTMS, such as lower
cooling performance, noise problems caused by the fan,
and higher energy consumption [26]. The specific heat
capacity of air is considerably lower compared to liquids,
requiring higher airflow rate to reach the desired results
[27]. Additionally, compared to other cooling methods,
air cooling can cause high temperature differences be-
tween cells. Thus, the battery may not achieve the expect-
ed performance, which adversely affects the chemistry
and service life of the battery. To prevent these problems,
more air flow can be directed to the battery pack within
acceptable pressure loss and cost limits or different chan-
nel geometries can be considered. However, in conditions
where cooling is insufficient, it should be combined with
liquid cooling or hybrid cooling methods [28].

In air-based BTMSs, the air flow rate entering the system,
the ventilation channel and its structure, the battery pack,
and the geometry of the battery used are of great impor-
tance [29]. In air-based BTMSs, it is possible to change
the battery cell arrangement, adjust the air flow, use dif-
ferent geometry batteries, and change the inlet and outlet
geometry to enhance the cooling performance [30].

Active BTMS Pasif BTMS Hybrid BTMS

Air-based BTMS Heat pipe based BTMS
| Liquid-based BTMS | PCM-based BTMS

Heat pipetair/liquid
active cooling

PCM+theat pipe passive

cooling

PCM+air/liquid active
cooling

Liquid+air cooling
active cooling

Others +thermoelectric
cooling

Fig. 1. BTMS classification [21].

Singh et al. [31] suggested air-based BTMS to protect the
battery from temperature exposure, ensuring its durability
and sustained performance. They utilized 15 cylindrical
battery cells, included a straight wall and a wall with dif-
ferent undulation numbers, and compared the results quite
comprehensively. It is clear that increasing the air inlet
velocity considerably enhances the cooling performance,
and the use of undulating walls compared to straight walls
leads to a non-negligible temperature drop in the battery
temperature. They also discussed the cooling efficiency
by altering the number of battery cells. Yang et al. [32] de-
veloped a new study to improve temperature uniformity
using air-based BTMS. The effect of valve opening and
air flow parameters in the valve on temperature changes
in the battery was investigated. It was concluded that the
valve opening parameter improved the temperature uni-
formity in the battery and that the valve opening and pres-
sure difference were inversely proportional.

Air-based BTMSs are basically divided into active and
passive systems according to the way they use the air.
While air intake to passive systems is provided from the
atmosphere, auxiliary equipment such as fans are used in
active systems [33]. Akbarzadeh et al. [34] compared a
48V battery pack built with 12 prismatic battery cells, air-
based and liquid-based BTMS using computational fluid
dynamics. Coolant flow rate, coolant temperature, power
consumption were the parameters changed. In both sys-
tems, it was found that increasing the coolant throughput
led to a decrease in the maximum cell temperature. In ad-
dition, the increase in coolant throughput had a greater
impact compared to the liquid-based BTMS. Table 2 lists
studies on air-based cooling methods and highlights the
key details of the study.

3.2. PCM based BTMS

Compared to air-based and liquid-based BTMS, PCM are
promising materials that allow large amounts of heat to be
stored and released during phase change and have become
the focus of attention by researchers [35]. The classifica-
tion of PCM is presented in Figure 2. PCMs have fast
thermal responses [36]. PCM provides more uniform tem-
perature distributions in the battery compared to air-based
and liquid-based BTMS, but may not be as effective as
liquid cooling at high discharge rates [37,38]. In addition,
PCMs have good cooling performance without the need
for extra energy consumption [39]. But, PCMs are eas-
ily and frequently integrated with PCM-liquid cooled or
PCM-air cooled BTMSs to rapidly dissipate heat stored in
the battery, forming a crucial component of hybrid cool-
ing [10, 40]. However, besides these features, PCM has
low thermal conductivity and leaks problem [41]. PCM’s
low thermal conductivity makes it harder for heat to build
up in the battery and to conduct heat out of the battery
pack. Therefore, combining PCM and other cooling meth-
ods becomes inevitable to improve cooling performance
and efficiency. PCM-based BTMSs are more vulnerable
to ambient temperatures than air-based and liquid-based
BTMSs, therefore their adoption is constrained [16]. Con-
sidering all these features, PCMs are not yet widely used
in commercial EVs [42]. Numerous studies have been
conducted on the temperature behavior, cooling perfor-
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mance and cost effectiveness of using PCM in BTMS.
Studies on this topic, which has moved to the centre of
scientific attention, continue unabated. Patel and Rathod
[43] added fins to improve the multiple cycle cooling
performance of PCM-based BTMS. And when the rest
time is taken into account in the analysis, it was seen
that the fins and 20 minutes rest time for multiple cycles
were close to the expected results. Deng et al. [44] used
composite phase change material (CPCM) to improve the
leakage and poor thermal conductivity problem of PCM.
As a result, it was concluded that the optimization of the
use of CPCM in EVs and HEVs would yield broadly ef-
fective and beneficial results. Bais et al. [45] surrounded
a 1.2 Ah, 3.7V single battery cell with 4 mm PCM layer.
They performed discharge experiments in the presence
and absence of PCM. As a result of the study, they meas-
ured temperature behavior and electrical changes sepa-
rately for 1200 seconds in both cases. It was revealed that
when PCM was integrated into the system, the battery cell
thermal behavior was provided more perfectly and was
more durable compared to the one without PCM in the
same experimental environment. Li et al. [46] proposed
a BTMS design using PCM. The aim of the research was
to reduce the weight of the PCM by keeping it within
reliable working temperature under favorable operating
conditions. The study with a variable number of battery
cells was compared and discussed experimentally and nu-
merically. It is clearly seen that as the PCM radius and
the heat generation rate of the battery grow, the peak tem-
perature difference and the battery temperature increase,
respectively. Zhang et al. [47] presented BTMS with vari-
ous fin configurations depending on the PCM to reinforce
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heat transfer, which is a major phenomenon. The number
of fins, thickness, angle, length, area and variable heat
transfer coefficient were the parameters investigated. The
computational fluid dynamics analysis results were vali-
dated by experimental studies. Finally, the novel fins de-
signed possessed outstanding performance characteristics
compared to the traditional flat fins. Huo et al. [48] intro-
duced a PCM-based BTMS method to study temperature
uniformity, which is a crucial point in the research and
improvement of battery technologies. Table 3 presents
recent studies on PCM-based cooling methods, discusses
the working method and purpose of the study, and clas-
sifies the conditions under which the study is conducted.

Organic PCMs

e |NOrganic PCMs

Fig. 2. Classification of PCM [49].

Table 2. Summary of studies on air-based BTMS.

Author Method Battery Tmax Remarks
Type Number

Wang et al. [26]  Sim. Cylindrical 24 304.27K Channel distance and air inlet velocity optimization

Yu et al. [52] Sim. Cylindrical 16 NA Investigation of the effects of air inlet and outlet cross sec-
tion on the temperature of the battery pack

Lietal. [53] Sim. Cylindrical 32 41.07 °C Economic optimization of BTMS, investigation of the rela-

2230 mAh tionship between battery temperature and cycle life, deter-

mining the relationship between BTMS thermal efficiency
increase and cycle cost

Mao-Sung Wu Sim. Prismatic 12 NA Effect of air cooling type on battery thermal performance

[54]

and energy efficiency, optimization study
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Table 3. Summary of studies on PCM-based BTMS.

Author Method Battery Tmax Remarks
Type Number Load
Elldietal. Exp.+Sim. Cylindrical 1 NA NA Investigation of cell temperature during charge/
[55] 2500 mAh discharge cycles
Wu et al. Exp. Prismatic 5 1C 53.47 °C at Design criteria of shape memory composite phase
[56] 3C 3C change material and testing its applicability on
5C BTMS, investigation of performance characteris-
tics, temperature distribution and heat dissipation
capacity of BTMS at different charge/discharge
rates
Verma et Sim. Pouch 1 2C 305 K at the Comparison of the effects of capric acid and
al. [57] end of 1200 commonly used paraffin on BTMS at different
sat3 mm thicknesses and different ambient temperatures,
thickness observing the effect of PCM on BTMS at high
discharge rate
Kadam and Exp.+ Cylindrical 12 1C NA Discussing the effect of PCM thickness on battery
Kongi [58]  Sim. 2C temperature distribution, cooling performance
3C and weight at different charge/discharge rates.
3.3. Liquid-based BTMS than the indirect cooling because it is in direct contact

Liquid-based BTMS is one of the most frequently used
methods to secure the safe operation of batteries in EVs.
Although it requires a more complex structure and more
energy consumption compared to air-based BTMS, it pro-
vides a very effective cooling performance thanks to the
high specific heat capacity of the liquid [50]. However,
liquid-based cooling is costly and increases the mass of
the battery system considerably [51]. This technique is
commonly utilized in leading EVs such as the BMW i3
and Tesla due to its superior cooling ability [38]. Water
and glycol are frequently used in these systems. A mix-
ture of water and glycol can also be used according to
cost analysis and ambient conditions [59]. Vikram et al.
[60] used a mixture of water and different concentrations
of Ethylene Glycol and Propylene Glycol as coolant in
BTMS. Temperature change, energy need, and ambient
temperature were the analyzed parameters. The battery
pack is set to operate at a constant temperature of 25°C.
Considering the conditions of India, where the study was
conducted, the ambient temperature was started from
30°C and increased by 5°C, up to 50°C. The load on
BTMS, cumulative energy consumption value, and tem-
perature profile results were evaluated together. It has
been revealed that it takes more time and requires more
cumulative energy to reduce the fluid entering the sys-
tem to 25°C at high ambient temperatures. When water
and other fluid concentrations were examined, it was ob-
served that adding 25% propylene glycol and 50% ethyl-
ene glycol to the coolant provided effective results.

Liquid-based BTMS is divided into two groups: indirect
contact and direct contact. In direct contact cooling, the
battery pack has a more effective cooling performance

with the dielectric liquid surrounding its surface [61]. In
this way, more heat is removed from the battery pack, but
since the dielectric liquid used has a high viscosity, more
energy is required to circulate the liquid in the system [61,
62].

In indirect liquid-cooled systems, a cold plate, jacket, and
heat pipes are used to remove the heat from the battery
pack and keep the vehicle running in safe conditions [62].
Although it provides a more uniform temperature distribu-
tion and significantly reduces the temperature difference,
the direct contact cooling method is not preferred except
for fast charging [63]. While the indirect liquid cooling
method is utilized in vehicles such as the Mercedes EQS,
Tesla Model Y, Porsche Taycan, the direct liquid cooling
method continues to be applied in the McLaren Speedtail
model [64]. In Table 4, current studies on liquid-based
cooling methods are presented, the key points of the study
are highlighted, and the conditions under which the study
was conducted are reported.

3.4. Heat pipe based BTMS

The heat pipe is one of the effective methods used to re-
move the heat generated in the battery. It can significantly
reduce the thermal imbalance between battery cells [65].
Heat pipes with a compact structure, flexible geometry,
and high cooling performance working with the phase
change principle have been developed and studied by
scholars recently [66, 67]. Heat pipes possess low ther-
mal resistance, and act as heat exchangers that transmit
heat from high temperature to low temperature by using
phase changes [68]. They are outstanding components ca-
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pable of transferring heat despite relatively low tempera-
ture differences [69]. Guo et al. [70] developed BTMS
with heat pipe and micro heat pipe to enable efficient and
high performance operation of batteries. In this way, they
compared battery aging, the electrochemical structure of
the battery, its service life, and the heat production in the
battery. As a result, although a few cycles gave effective
results, they could not obtain a satisfactory thermal man-
agement result after 1250 cycles owing to the formation
of solid electrolyte interphase in the battery. In addition,
micro heat pipes offered better results than heat pipes
in the management of the peak temperature in the bat-
tery pack and the peak temperature difference in the bat-
tery cells. Jouhara et al. [71] experimentally studied the
effects of a heat mat, which can be easily incorporated
into the system, on the peak temperature and temperature
uniformity of the battery on prismatic battery cells, us-
ing heat pipe-based BTMS. The results were very impres-
sive and at the same time a useful approach model. The
heat mat provided a very high performance in absorbing
and removing the heat produced in the battery cells, thus
reducing the energy requirement from the pump. Ren et
al. [72] experimentally studied a BTMS with a preheated
U-shaped micro heat pipe to prevent the battery from be-
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ing affected by low ambient temperature. Variable energy
input to the system, the presence or absence of heat pipes
surrounded by an insulating material were the parameters
tested. The results indicate that heat pipes surrounded by
insulating material subjected to preheating undergo a re-
markable temperature increase and enable a satisfactory
preheating process. It is also concluded that cooling and
heating processes can be carried out together. In addition
to these studies, research on HP-based cooling methods is
presented in Table 5.

3.5. Hybrid cooling

Although researchers are constantly developing battery
systems, the proposed systems may be inadequate if used
alone. When a single method is insufficient for cooling in
battery systems and efficient and desired results cannot
be achieved, more than one method is used together, and
higher cooling performances are achieved by emphasiz-
ing the superior features of these methods. Thus, hybrid
BTMSs have been proposed and have become the focus
of researchers. Hybrid BTMSs are used for different pur-
poses depending on the application area and expectations
[73].

Table 4. Summary of studies on liquid-based BTMS.

Author Method Battery Tmax AT Remarks
Type Number Load
Lietal. Exp. Prismatic 12 1C 313K 5Kat <3C Analysis of the effects of operating
[76] +Sim. 64 Ah 1.5C conditions and battery pack design
2C on the pressure drop, temperature and
2.5C cooling performance of the BTMS, ef-
3C fect of coolant flow direction on tem-
perature gradient
Wanget  Sim. Pouch 9 0.8C 311.2592  13.1092 K Investigation of cooling performance
al. [77] battery 50 K of coolant flow rate and direction on
Ah BTMS
Wanget  Exp. Cylindrical 20 3C 53.48°C  18.72°C (flow  Improving pressure drop, energy con-
al. [78] +Sim rate is 40 ml/ sumption and temperature uniformity
min, serial discussing the effects of coolant flow
cooling mode)  rate and serial or parallel design of the
cooling system on BTMS.
Tousi et Sim. Cylindrical 12 3C 305.59K  1.07K Analyzing the effects of the inlet speed
al. [79] 5C and amount of nanofluid-added liquid
7C cooling at different discharge rates on
BTMS performance and efficiency.
Chen et Exp. Prismatic 8 0.5C1C  3335°C NA Development of the regression model
al. [80] 1.5C of the most effective and efficient
2C 2.5C BTMS in the fast charge-discharge
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Table 5. Summary of studies on HP-based BTMS.

Author Method Battery Tmax Remarks
Type Number Load
Zhang and Exp.+ Sim. Prismatic 5 4C 54.3°C Discussion of experimental and analysis results
Wei [81] 6C of flat heat pipe design and temperature distribu-
8C tion, cost and performance at different discharge

rates.

Behi et al. Exp.+ Prismatic 15 8C 43.8 °C at Experimental and numerical discussion of differ-

[82] Sim. 0.2 m/s ent types of cooling, Investigation of battery pack
temperature change by changing input speed

Liang et al.  Exp. Prismatic 2 NA NA Experimental discussion of the effects of coolant

[83] flow rate, coolant temperature, ambient tempera-
ture, heat generation per cell and BTMS start-up
time on battery health and thermal performance.

Wang et al. Exp.+ Cylindrical 12 3C 31.55°C Comparing and discussing the analysis and ex-

[84] Sim. 5C perimental results of the effects of the design

parameters of the conductive structural element
in contact with the battery on the temperature dis-
tribution.

Active systems require excessive energy and cause tem-
perature inequalities and require the support of passive
systems. By using these two cooling strategies together,
energy consumption decreases and battery temperature is
distributed more evenly [74]. Ahmad et al. [75] enhanced
a hybrid BTMS design with PCM and air cooling. They
added fins to their system to improve heat transfer and
comprehensively analyzed its contribution to cooling per-
formance with and without PCM. It was observed that the
wings added to the developed hybrid BTMS facilitated
the air flow and yielded excellent results compared to the
other analysis conditions tested. While the highest tem-
perature value was obtained for Fin-Air BTMS, PCM-
Fin-Air BTMS remained at a more controllable and rea-
sonable level. There was a temperature improvement of
18.6% between PCM-Fin-Air BTMS and Fin-Air BTMS.
The study offered a fresh outlook, particularly in the con-
text of high charge and discharge environments, and was
highly encouraging for the future of green energy initia-
tives. Mousavi et al. [85] designed a cooling system that
combined PCM and liquid-based BTMS using prismatic
battery cells to improve cooling performance.

They carried out the analysis with the help of ANSYS
FLUENT at 1C, 2C, and 3C variable discharge rates.
They concluded that the PCM plates integrated into the
battery system provide a more significant cooling effect
as the discharge rate increases. They discussed the cool-
ing performance when 1 and 3 PCM plates were added to
the system without using PCM by changing the speed of
the refrigerant entering the mini-channel cooling plates at
3C discharge rate. When the refrigerant velocity was 0.01
m/s and a 100% increase in flow rate was made, a sig-
nificant temperature drop of 9 K and 15 K occurred in the
battery. Faizan et al. [86] developed a new cooling design
by combining PCM and cooling plate with 3 mm diameter
in different channel structures.

Isfahani et al. [88] proposed a new approach by com-
bining PCM and microchannels to alleviate the extreme
temperature and temperature inequality that pose a major
threat to the battery. As a result, PCM/metal foam shows
the highest temperature, although it is more excellent in
terms of temperature uniformity and temperature standard
deviation. In contrast, microchannels exhibit the opposite
behavior. Therefore, the utilization of these two tech-
niques together ensures that the battery operates within
the desired operating temperatures. Additionally, an anal-
ysis of the response characteristics of battery cells and
packs has been conducted, highlighting that the effect of
surrounding battery cells is substantial and should not be
underestimated. Zhao et al. [89] created a hybrid system
by integrating air-based BTMS with liquid-based BTMS
to improve the cooling effect. Coolant flow rate, number
of pipes used in the system, fan position, and distance be-
tween coolant and battery were studied on COMSOL soft-
ware and results were discussed. As a result of the analy-
sis, it was seen that the change in the number of pipes did
not have much effect on the maximum temperature in the
battery. Additionally, it was concluded that there was an
improvement in the temperature uniformity of the bat-
tery pack when the liquid flow rate entering the system
was increased. In terms of cooling performance and en-
ergy efficiency, it is recommended that the air entering
the system must not exceed 0.4 m/s. Zhou et al. [90] cre-
ated a novel approach by combining an air jet and a heli-
cal flow coil into the battery system. The results revealed
that this innovative hybrid system achieved a lower peak
temperature difference than the liquid-based one when air
cooling is applied at the positive and negative ends of the
battery cell. Air inlet velocity and temperature were the
parameters investigated and it was observed that varying
them did not cause a major improvement in cooling per-
formance. Wang et al. [91] proposed a novel BTMS with
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different flow orientations by combining PCM and liquid
cooling with wavy microchannel structure. Increasing the
number of liquid microchannels utilized in the improved
hybrid system and different oriented flow enhanced the
cooling efficiency. In addition, by switching from a mi-
crochannel cooling plate system to a hybrid system, there
has been a substantial decrease in weight, which is also
very advantageous in terms of cost and energy savings.
Zhao et al. [92] conducted an experimental and numeri-
cal study on ANSYS FLUENT by combining composite
phase change material and liquid cooling using 20 cylin-
drical type batteries. The study was carried out separately
with pure PCM and hybrid cooling method under differ-
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ent experimental conditions. They inferred that with the
liquid cooling included in the system in addition to PCM,
the heat produced in the battery is transferred more effec-
tively, but as a result, the temperature difference and the
required energy increase. In the study conducted under
0.5C, 1C, and 2C discharge rates and variable discharge
depth, when the discharge rate was 2C, the change in
Reynolds number from 0 to 112 caused a 6 K decrease in
the peak temperature, S9W power requirement and tem-
perature differences. Table 6 presents a summary of the
comprehensive report, organized and ranked based on re-
cent research findings.

Table 6. Summary of studies on hybrid BTMS.

Author Method BTMS Type Battery Remarks Tmax AT
Type Number Load
Wanget Exp.+ PCM+Liquid  Cylindrical 12 1C coolant flow and inlet tempera- 57.6°C, 4.1 °C,
al. [87] Sim. cooling 2C ture optimization, control of 44.8°C <2°C
energy consumption
Liuetal. Exp.+ PCM+Liquid  Cylindrical 16 1C ambient temperature, coolant 46.2°C  4.2°C
[88] Sim. cooling 2C inlet temperature, flow direc-
3C tion optimization
4C
5C
Penget  Exp.t+ PCM+Heat Cylindrical 40 0.5C 1C investigation of the effect of 47.7°C NA
al. [89] Sim. pipe 2C PCMs with different properties at 2C
on the thermal performance of
the battery
Chenet  Sim. Air cooling+  Cylindrical 16 1C investigation of ambient tem- NA NA
al. [90] PCM 2C perature, inlet velocity and
4C melting and solidification tem-
8C perature of PCM
Lietal. Exp.+ Air cooling +  Pouch land5 1C effects of air velocity, air inlet 64.3°C  NA
[91] Sim. Liquid cooling battery 3C location, different number of at5C
16 Ah 5C fans, cold plate thickness on
BTMS
Yuanet  Exp. Heat pipe + Prismatic 1 0.5-2C coolant flow rate, evaporation 34.1°C 1°C
al. [92] Liquid cooling 50Ah section and condensing section
length of HP-CP, ambient and
inlet coolant temperature, bat-
tery discharge rate
Wanget Exp. Heat pipe + Cylindrical 40 2C effect of PCM tube and HP hy- 47.7°C  2.5°C
al. [93] PCM brid system on BTMS
Jang et Exp.+  Heat pipe + Prismatic 10 0.5-2C  determination of the effects of
al. [94] Sim. Liquid cooling 40Ah discharge rate, liquid mass flow

rate, liquid temperature and
ambient temperature on BTMS




35

Vol. 18(2-3) 2023

4. Conclusions

In this review, BTMSs of electric vehicles developed to
cope with the increasing energy crisis, environmental pol-
lution and global warming and to alleviate these problems
are discussed and systematically addressed. Electric vehi-
cles are designed to be more efficient than those powered
by internal combustion engines, and they do not contrib-
ute to greenhouse gas emissions in the environment. To
ensure that these vehicles operate within safe limits and
with high performance, the battery must be kept in effi-
cient operating conditions. Batteries are very sensitive to
temperature, so they can be kept within safe temperature
limits one of air-based cooling, liquid-based cooling, heat
pipe-based cooling, PCM-based cooling or hybrid cool-
ing methods. This also maintains battery health and chem-
istry and increases cycle life. The following conclusions
have been formulated based on a thorough examination of
the relevant literature:

» Air-based cooling is one of the most preferred basic
methods with its uncomplicated structure, no risk
of leakage, lightness and low cost. However, since
the specific heat capacity of air is lower than that of
liquid, the cooling performance is lower than liquid
cooling. Additionally, due to the application strategy
of this method and the thermophysical properties of
air, significant temperature differences can occur be-
tween the cells in the battery pack. This can degrade
the performance and lifespan of batteries. To enhance
the cooling efficiency of air-based cooling, the air flow
rate, ventilation channel and structure, battery type
and arrangement can be improved. Yet, when all these
adjustments are insufficient, air-based cooling should
be applied with other types of cooling techniques to
maintain the battery within the range.

* Liquid-based cooling is one of the methods widely
used in electric vehicles today to keep the battery in the
optimum temperature range and provides high cooling
performance. However, since liquid-based cooling has
a complex system structure, energy consumption and
cost can be relatively high. Today, many automotive
manufacturers such as Mercedes, Tesla, Porsche, and
McLaren have applied liquid-based BTMS instead of
air-based BTMS due to its effective thermal manage-
ment performance.

* PCM-based cooling is one of the BTMSs that is in-
creasingly becoming the focus of researchers’ atten-
tion and is constantly being developed. PCMs can
absorb and dissipate large amounts of energy without
needing extra energy. They have fast response times
and a structure that can be easily integrated with other
systems. However, PCMs have low thermal conduc-
tivity and leakage problems. Although various re-
search studies have been conducted on the cooling
performance, system compatibility and cost optimiza-
tion of PCM, it has not yet been fully utilized com-
mercially in EVs.

» Heat pipe-based cooling is one of the methods studied
with great interest by researchers. Heat pipes with a
compact structure and flexible geometry can remove
the heat produced in the battery without needing extra

energy. These systems, which work on the phase trans-
formation principle, are sensitive to even low tempera-
ture differences and can operate efficiently.

*  When a solely battery management system alone is in-
sufficient for securing efficient run of batteries, more
than one method can be employed simultaneously. In
this way, systems that provide superior cooling perfor-
mance can be created with hybrid cooling. Excess en-
ergy demanded by active systems can be compensated
by the inclusion of passive systems. Furthermore, the
control of the maximum temperature of the battery
pack and the distribution of the cell temperature can
be substantially improved.

5. Recommendation and future work

The numerical analysis of the battery is a complicated and
extensive process in itself, and it is very essential that the
results are consistent with the actual driving cycle. De-
viation levels must be within acceptable limits and can
be further improved. Although a variety of studies have
been carried out regarding BTMS, several critical aspects
still need to be examined. The majority of the weight of
existing EVs consists of battery systems. This also leads
to higher transportation costs. A key aspect of ongoing
studies involves the replacement of the existing battery
with a higher energy density variant to minimize weight.
However, this creates certain problems, such as, under
fast charge/discharge cycles, the higher energy density
battery generates more heat. To dissipate this heat gener-
ated in the battery pack, a BTMS is necessary to main-
tain effective and safe conditions for continuous cycling.
For variable battery types, cost analysis, weight, volume,
and energy consumption values should be evaluated all
together to reach optimum operating temperature range
conditions. Although several parameters such as battery
geometry and arrangement, ambient temperature, fluid in-
let velocity, channel structures, number of channels, fluid
type, and additives have been investigated for different
BTMS types, it has been observed that there is a gap in
cost effectiveness and energy efficiency studies. There-
fore, it is thought to be beneficial for future studies to shift
to this area, which is a key factor for BTMS. In addition,
when the methods used in BTMSs are discussed sepa-
rately, the following approaches may be valuable for po-
tential research and can be focused on these issues.

* BTMSs for safe driving conditions: Advanced tech-
nology EV batteries have a higher energy density com-
pressed into the battery and operate under continuous
fast charge/discharge cycles. Without an appropriate
control mechanism, this situation may adversely af-
fect the battery, resulting in considerable destruction.
In case of crash or collision, it may cause the release
of poisonous gas, fire, explosion or even loss of life.
BTMS is required to eliminate all these negativities
and ensure the operation of the battery within a con-
trolled temperature range. However, it is necessary
to study in depth for different battery technologies to
prevent the risk of thermal runaway, fire and explo-
sion. Additionally, it is essential to consider the entire
battery system, rather than just individual battery cells,
when developing effective cooling strategies and ther-
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mal management solutions.

During fast charge/discharge cycles, the cooling ca-
pacity required by the battery and the recommended
cooling system must match each other. In order to
choose the most appropriate cooling method, battery
type and geometry, energy density of the battery, and
discharge/charge conditions must be determined cor-
rectly. This approach is essential for preventing the
battery from overheating.

Air-based BTMSs: Air-based BTMS has significant
restrictions that can lead to some problems. This
method, in terms of its structure and applicability,
may cause unequal temperature distribution between
the cells in the battery pack, and it may produce un-
desirable levels of noise when operated at high levels.
In terms of cooling efficiency, it is more suitable for
use in light commercial vehicles. In order to enhance
the cooling performance of air-based BTMS under
safe and economic conditions, it is recommended to
integrate air-based BTMS with other cooling strate-
gies and to conduct deeper studies in this field in fu-
ture studies. In addition, the distance between battery
cells can be regulated within the allowed dimensions
in order to control the battery temperature and ensure
safe driving conditions. Moreover, this method can be
further improved with the help of differently directed
air flow and air duct with different geometry.

PCM-based BTMSs: PCM-based cooling, which
promises great potential, has not yet been fully com-
mercialized. More research and development work
are needed on these materials, to be utilized in EVs.
System feasibility and material characteristics can be
further enhanced by incorporating composite PCMs
into BTMS. It is expected that the improvement of the
flammability issue of PCMs, optimization of system
size, and advancement of weight and thermal per-
formance values will facilitate the inclusion of PCM
in the EV market. The problem of decreasing PCM
latent heat in continuous cycle should be addressed,
and studies should be carried out to prevent the risk of
leakage. In addition, by integrating PCM and liquid-
based BTMS under appropriate operating conditions
to meet the requirements of the system, more effec-
tive thermal control can be achieved than using these
methods alone.

Liquid-based BTMSs: Liquid-based BTMS is capable
of effectively managing battery temperature in sys-
tems where high cooling performance is demanded.
However, if not designed properly, it can result in a
high temperature difference between cells. When this
situation repeats in a continuous cycle, the service life
of the battery is shortened and battery chemistry may
deteriorate. In liquid-based BTMS, the selection of
the coolant that corresponds to the cooling capacity
required by the battery and its compatibility with the
system is crucial. Especially in liquid-based BTMSs,
additives utilized to improve cooling performance and
conductivity coefficients cause heterogeneity prob-
lems in the closed loop. In the long term, efforts to

6.
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ensure the flow of liquid cooling in homogeneous and
appropriate conditions should continue. Additionally,
studies should be developed to increase heat transfer
by increasing the contact area of the battery compo-
nent and the cooling interface. A major drawback for
liquid-based BTMS is the leakage problems and the
risks associated with it. This challenge can be miti-
gated by the development of a design that works in
harmony with the requirements of the system and the
inclusion of suitable sealing components. When all
these complicated constraints and challenges are fully
investigated and addressed with innovative solutions,
liquid-based BTMS can be transformed into a safe and
secure system.

HP-based BTMSs: For thermal management, enhanc-
ing the heat transfer properties of the HP is the primary
focus, considering that the battery is in constant op-
eration. It is preferable to start research by developing
heat pipe design, battery-heat pipe layout and mate-
rial properties. Aluminum HPs are expected to be pre-
ferred to provide an advantage when weight is taken
into account.

Hybrid cooling: Hybrid cooling systems are created
by integrating these methods together when air-based
BTMS, PCM-based BTMS, liquid-based BTMS,
and HP-based BTMS are insufficient alone. Hybrid
method, which includes advanced and new technolo-
gies, requires more space, and increases weight as
it involves different cooling methods. Additionally,
the real-time thermal performance of this method on
lithium-ion batteries needs to be improved. Especially
by combining HP and PCM, various thermal manage-
ment combinations can be designed that provide supe-
rior cooling compared to other approaches. However,
studies should be carried out to determine the most
optimal strategy considering different aspects such as
cost, volume, weight, and time management. In addi-
tion, when the current resecarches in the literature are
investigated, it is noticed that initially the cooling per-
formance of the battery is aimed to be improved. How-
ever, there are very limited efforts on the response and
sustainability of all these management technologies in
the long term. This is a huge gap in the literature and
the focus of future studies should be concentrated on
this field. The hybrid cooling method is considered a
very promising approach for the EV market and future
studies that transition to high-performance and fast
charging conditions. However, since it incorporates
versatile cooling strategies, design configurations and
cooling equipment must be selected harmoniously.
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