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Abstract: The performance of lithium-ion batteries is closely related to temperature, and much
attention has been paid to their thermal safety. With the increasing application of the lithium-ion
battery, higher requirements are put forward for battery thermal management systems. Compared
with other cooling methods, liquid cooling is an efficient cooling method, which can control the
maximum temperature and maximum temperature difference of the battery within an acceptable
range. This article reviews the latest research in liquid cooling battery thermal management systems
from the perspective of indirect and direct liquid cooling. Firstly, different coolants are compared.
The indirect liquid cooling part analyzes the advantages and disadvantages of different liquid
channels and system structures. Direct cooling summarizes the different systems’ differences in
cooling effectiveness and energy consumption. Then, the combination of liquid cooling, air cooling,
phase change materials, and heat pipes is examined. Later, the connection between the cooling and
heating functions in the liquid thermal management system is considered. In addition, from a safety
perspective, it is found that liquid cooling can effectively manage thermal runaway. Finally, some
problems are put forward, and a summary and outlook are given.

Keywords: battery thermal management system; liquid cooling; indirect liquid cooling; direct liquid
cooling; composite cooling

1. Introduction

With the energy crisis and environmental pollution becoming increasingly promi-
nent, vigorously developing clean energy, promoting environmental improvement, and
advancing green and low-carbon construction has become an important task. Traditional
fuel vehicles mainly use non-renewable fossil energy as a power source, which not only
consumes more fossil energy, but also produces exhaust gas, which contributes to the
greenhouse effect. In this context, electric vehicles have received a lot of attention because
of their advantages, such as low pollution and high efficiency [1]. The key task in the
development of electric vehicles is to find a suitable energy storage system that allows
battery vehicles to have a long driving range and fast acceleration [2]. Lithium-ion batteries
(LIBs) have been widely used in energy storage systems of electric vehicles due to their high
energy density, high power density, low pollution, no memory effect, low self-discharge
rate, and long cycle life [3–6]. Studies have shown that the performance of LIBs is closely
related to the operating temperature [7,8]. Generally, the optimum operating temperature
range for Li-ion batteries is 15–35 ◦C [9], and the maximum temperature difference between
batteries should be controlled within 5 ◦C [5,10]. Therefore, a reasonable and effective
battery thermal management system (BTMS) is necessary to enable the battery module to
work safely and exhibit good charge and discharge performance [11].

The currently popular BTMSs can be divided into air cooling, liquid cooling, phase
change material (PCM), heat pipe, and composite cooling. With its simple structure and
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low cost, air cooling has been widely used in early BTMSs. However, it is challenging to
meet the demand for battery heat dissipation under the circumstance of rapid charging
due to the low specific heat capacity and heat transfer coefficient of air, and limited cooling
capacity [12,13]. PCM has become a research hotspot in battery thermal management due
to its large latent heat of phase change and no need to consume additional energy, but
its low thermal conductivity and easy leakage problems hinder its application in electric
vehicle BTMSs [14]. Studies have shown that the thermal conductivity of PCM can be
improved by adding foam metal, expanded graphite, carbon fiber, and other materials to
PCM [8]. The heat pipe has the advantages of high thermal conductivity, excellent stability,
and low maintenance cost, and has broad application prospects, but it is not currently
widely used in battery thermal management due to its small contact area and large system
volume [12]. Composite cooling is a combination of two or more cooling methods based on
a single cooling method, used to meet higher heat dissipation requirements, as well as to
improve the temperature distribution of the battery module, showing outstanding cooling
effects and attracting the attention of researchers.

Compared with other cooling methods, liquid cooling has been used commercially
in BTMSs for electric vehicles for its high thermal conductivity, excellent cooling effect,
ability to meet high heat dissipation requirements, and more uniform battery temperature
distribution. For example, the Tesla Model S electric vehicle uses indirect liquid cooling,
and the coolant is a mixture of water and ethylene glycol [15]. The Chevrolet Volt and
BMW i3 and i8 also use liquid cooling systems for battery thermal management to avoid
excessive battery temperature [16]. In addition, 3M has developed a battery direct liquid
cooling system for electric vehicles, which immerses the battery module directly into the
coolant, showing an excellent cooling effect [5].

In recent years, many scholars have studied and reviewed the BTMS, which mainly
focuses on summarizing the progress and achievements of the whole BTMS, but rarely
makes a separate analysis and integration of liquid cooling. The liquid cooling system has
unique advantages, and commercial applications of liquid cooling are increasing. Therefore,
it is necessary to review and summarize the research on the liquid cooling of LIBs, and
put forward reasonable suggestions for liquid cooling problems, to provide a reference
for the development of the BTMS. In this paper, the heat generation mechanism of LIBs
is analyzed, and the influence of temperature on battery performance is summarized.
Secondly, the research results on liquid cooling by scholars in recent years are reviewed,
starting with both indirect liquid cooling and direct liquid cooling. Subsequently, the
battery preheating technology in BTMS is studied. Then, the effect of liquid cooling on
the thermal runaway of the battery is discussed. Finally, some problems in the liquid
cooling system are summarized, and the future research direction of LIB liquid cooling is
prospected.

2. Heat Generation Mechanism and Temperature Effects
2.1. Heat Generation Mechanism

The LIB consists of four parts: the anode (negative electrode), the cathode (positive
electrode), the electrolyte, and the separator [12,17]. During the charging and discharging
process of the battery, as shown in Figure 1, LIBs are de-embedded back and forth between
the positive and negative electrodes through the electrolyte and the separator, hence the
name “rocking-chair battery” [18]. During charging, lithium ions receive energy from
the outside, move to the anode, and embed into the anode, forming a Li-rich ion state
at the anode; during discharge, lithium ions carry energy from the negative electrode to
the positive electrode, while electrons move back and forth through the external circuit to
generate current during charge and discharge [19].
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Figure 1. Diagram of the working principle of a lithium-ion battery (LIB) [20].

The following reactions occur during the charging and discharging process [21]:

Positive electrode : LiMO2 � Li1−x MO2 + xLi+ + xe− (1)

Negative electrode : C + xLi+ + xe− + LiMO2 � LixC (2)

Overall:
LiMO2 + C � LixC + Li1−x MO2 (3)

LiMO2 is the metal oxide used for the positive electrode, such as LiCoO2, LiNiO2, LiMn2O4,
LiFePO4, etc. C is the carbon material used for the negative electrode.

During the normal charging and discharging process of the battery, a large number
of chemical reactions take place inside, and these complex chemical reactions are usually
accompanied by the generation of heat. With the continuous generation and accumulation
of heat, if the heat cannot be dissipated in time, the temperature of the battery will rise
rapidly, which will cause a series of abnormal side reactions, leading to a deterioration of
the battery’s performance and even triggering thermal runaway. Therefore, it is necessary
to study the mechanism of LIB heat generation. Generally, the heat generation of LIB in
work can be divided into two parts: reversible heat and irreversible heat. Reversible heat is
the heat released when lithium ions are deintercalated between the positive and negative
electrodes. It comes from the reversible entropy change caused by the electrochemical
reaction inside the battery, also known as reaction heat or entropy heat [22]. Irreversible
heat includes polarization heat and ohmic heat [22,23]. Polarization heat is caused by
lithium ions overcoming impedance during internal movement, while ohmic heat or joule
heat is related to the resistance inside the battery.

In order to better analyze the thermal behavior of LIBs and predict the performance of
batteries, many scholars have studied the thermal model of LIBs [24–26]. One of the most
commonly used battery heat production equations, proposed by Bernardi [27], is used to
predict the heat production rate of a single battery. The expression is:

Q = I(E − U)− IT
dE
dT

(4)

where Q, I, E, U, and T are expressed as heat producing power, operating current, open-
circuit voltage, operating voltage, and operating temperature, respectively. The first term
I (E − U) on the right represents irreversible heat. The second term −IT dE

dT represents
reversible heat, which is negative when charging and positive when discharging, while
the entropy heat coefficient ( dE

dT ) is related to density, state of charge (SOC), and battery
temperature [8]. The heat generation model has been widely used because of its convenient
use and reasonable accuracy, but it does not take into account the existence of phase change
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heat and mixing heat. For irreversible heat, (E − U) can be replaced by IR; R denotes the
internal resistance of the battery, and the formula can be simplified as:

Q = I2R − IT
dE
dT

(5)

Compared with irreversible heat, reversible heat can be negligible in practical hybrid
electric vehicle and pure electric vehicle applications [28]. Therefore, the formula can also
be expressed as [29]:

Q = I2R − IT
∆S
F

(6)

where ∆S represents the entropy change, which is negative when charging and positive
when discharging. F is the Faraday constant.

The heat generation model of LIB can be divided into electro-thermal models and
electrochemical thermal models [30]. Ping et al. [31] established an electro-thermal coupling
model to study the phenomenon from the normal cycle to thermal runaway. It was found
that as the battery discharge rate increased, the thermal runaway time of the battery
was advanced. Zhang et al. [23] established a one-dimensional electrochemical thermal
model to analyze the heat generation of the battery during charging and discharging,
and found that ohmic heat, electrochemical reaction heat, and joule heat are the main
heat sources. Liebig et al. [32] proposed a model that can simulate the electrochemical
and thermal behavior of the battery with high precision. It is found that the thermal
behavior of the battery is mainly reversible heat at low current rates, while at high current
rates, irreversible heat becomes the main. They then coupled an electrochemical model
with a three-dimensional thermal model to simulate the thermal behavior of LIBs in a
real environment [33]. Panchal et al. [34] proposed an electrochemical thermal model
to study the transient temperature distribution of 18650 LIBs. It is discovered that the
model accurately forecasts the data when compared with the outcomes of the experiments.
Accordingly, it is possible to understand the thermal and electrochemical behavior of LIBs
using a thermal model, which is useful for understanding the internal structure of the
battery and can accurately predict the working temperature of the battery.

2.2. Temperature Effects

The optimal operating temperature range of LIBs is relatively narrow, and too low or
too high temperature will affect the performance of the battery. As shown in Figure 2, the
LIB shows the best performance only when it works within 15–35 ◦C. At lower temperatures,
the ability of lithium ions to diffuse is limited, and it increases the internal impedance,
and the discharge capacity of the battery decreases [7]. In contrast, the active chemistry in
the battery can be damaged at high temperatures, which can result in irreparable damage
to the capacity and life of the battery and possibly cause thermal runaway [35]. Thermal
runaway is one of the main safety issues facing LIBs. It refers to the uncontrollable rise in
battery temperature caused by a chain reaction of heat release from a single battery cell.
When the battery temperature continues to rise and the heat cannot be dissipated in time,
if no measures are taken to control it, thermal runaway will occur when the temperature
threshold is exceeded [36]. In the process of thermal runaway, a large amount of heat and
harmful gases are often generated, and even lead to battery fire and explosion [2].
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According to a study by Jaguemont et al. [35] on the impact of low temperatures on
LIB performance, battery capacity will drop off rapidly as the operating temperature drops.
This is because LIBs will lose capacity as they mature at low temperatures. Zhang et al. [38]
also investigated the aging mechanism of batteries at low temperatures and came to similar
conclusions. According to the experimental results, the battery impedance increases at low
temperatures, and its capacity is significantly reduced. Another point worth noting is that
LIBs operating at low temperatures may undergo lithium-ion plating and dendrites, which
can lead to severe degradation of the battery’s performance [39,40]. At high temperatures,
with the temperature continuing to rise, LIBs undergo a number of reactions that affect
their performance. As shown in Figure 3, the solid electrolyte interface film (SEI) will
first decompose at 90 ◦C or even lower temperatures. During the first charge–discharge
cycle of the LIB, a passivation layer called SEI is created on the surface of the negative
electrode. It can successfully stop the organic solvent in the electrolyte from damaging
the electrode material, which improves the performance of the battery. Secondly, Li reacts
with the electrolyte. Then, after 135 ◦C, the separator melts, which leads to a short circuit
between the two electrodes [2]. When the temperature rises to 200 ◦C, it will trigger a series
of complex reactions. As lithium ions and electrolytes are consumed in large quantities, the
capacity and performance of the battery decline dramatically. Zhao et al. [41] emphasized
that for every 1 ◦C increase in temperature between 30 ◦C and 40 ◦C, the battery life will
be reduced by two months. Ramadass et al. [42] compared the charge–discharge cycles at
room temperature, 45 ◦C, 50 ◦C, and 55 ◦C. The results showed that the battery capacity
loss was 30% after 800 cycles at room temperature, and the capacity loss was as high as 70%
after 490 cycles at 55 ◦C. As the temperature and number of cycles increased, this reduced
capacity and a higher impedance resulted in a drop in battery power.

In fact, LIBs are frequently employed as battery packs to reach the necessary voltage
and capacity. The battery pack might accumulate heat more easily, which can lead to
localized overheating. As a result, another important aspect impacting battery performance
is the temperature consistency between cells. For battery packs, the temperature difference
between cells should be controlled to within 5 ◦C to prevent rapid deterioration occurring
in a single cell and reducing the life of the battery pack [43]. Yang et al. [44] quantified the
relationship between the temperature difference and the capacity loss rate of the parallel
battery pack and studied the temperature difference in the battery capacity. They also
discovered that when the temperature difference between the batteries grew, the rate of
capacity loss grew. Yan et al. [10] pointed out that the small temperature difference between
the batteries is conducive to promoting the balance of the battery during the cycle and
maintaining the charging and discharging behavior of the entire battery pack. However, as
the temperature difference increases, it can accelerate battery degradation, leading to safety
issues, such as overheating and thermal runaway. Moreover, the performance of a battery
pack made up of batteries with different capacities connected in series is constrained by the
capacity of the smallest battery [45]. The consistency across batteries must be regarded to
prevent overcharging individual batteries inside the battery pack [46].
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In summary, it is essential to keep the temperature of the battery and the temperature
difference between batteries within the ideal range for better performance and longer
service life. The BTMS can not only dissipate the heat generated by the battery in time to
avoid the high temperature of the battery, but also reduce the temperature gradient inside
the battery and maintain a good temperature uniformity.
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3. Liquid-Cooled BTMS

Liquid cooling can be divided into indirect cooling and direct cooling (also known
as immersion cooling), depending on whether the coolant is in contact with the battery,
as shown in Figure 4. Indirect liquid cooling usually involves placing cooling plates [48],
discrete tubes [8], or jackets [49] on the surface of the cell. This cooling technique moves
the heat produced by the battery to the outside with the flowing coolant, avoiding direct
contact between the coolant and the battery [50]. In direct liquid cooling, the coolant is in
direct contact with the battery, which requires the use of non-conductive medium fluid as
coolant [7]. Direct liquid cooling greatly improves the contact area between the battery and
the coolant, thereby obtaining an extremely high heat transfer rate. Direct liquid cooling
can be divided into single phase and two phase, according to whether the coolant has
phase change. Compared with indirect liquid cooling, direct liquid cooling shows a better
cooling effect and can improve the uniformity of temperature distribution. As the battery
and coolant are in direct contact, this reduces the need for complex flow path designs
and reduces the risk of accidental leakage of coolant, which could cause short circuits
in the battery [51]. Although direct liquid cooling is considered to be a better choice for
the BTMS in the future, it has not been commonly used in electric vehicle [52]. In this
section, the main research progress of indirect liquid cooling and direct liquid cooling is
introduced. Secondly, the research of different coolants in each part is summarized and
analyzed. Finally, attention is paid to the composite cooling system based on liquid cooling.
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3.1. Indirect Liquid Cooling

In indirect liquid cooling, different shapes of batteries are suitable for different cooling
devices. Cylindrical batteries usually use discrete tubes or jackets in order to have a larger
contact area between the surface and the coolant. For prismatic batteries or pouch batteries,
flat cold plates are usually the best choice. The air gap between the cooling plate or tube
and the battery will contribute to heat insulation and lower heat transfer efficiency as a
result of the coolant and battery not making direct contact with each other. A high-precision
cold metal plate, as well as a high-thermal-conductivity grease or epoxy bonding agent,
are required to eliminate air gaps, thereby reducing thermal contact resistance [5,9,53–55].
In order to improve the heat dissipation of the battery, researchers have conducted many
studies on indirect liquid cooling. The selection of coolants, the design of flow channels,
and the optimization of system structures have received a lot of attention, and these studies
are covered in this section.

3.1.1. Coolant

The viscosity, density, thermal conductivity, specific heat capacity, and flow rate of
the coolant are significant variables determining the cooling capacity and heat transfer
efficiency in liquid cooling. In order not to increase the pumping power and improve the
cooling effect, a coolant with high thermal conductivity and low viscosity is needed. As the
most accessible liquid in life, water has been widely used in indirect liquid cooling systems.
It has been discovered that using water as a coolant may assure battery temperature
consistency and enhance BTMS cooling performance [56,57]. Karimi and Dehghan [58]
used air, water, and silicone oil as coolants to study the performance of the BTMS. According
to the simulation results, using water as a coolant instead of air or silicone oil can not only
use less power, but also keep the temperature within reasonable bounds. In addition, water
has higher thermal conductivity and specific heat capacity than air, and lower viscosity
than oil, which ensures the heat transfer capacity and helps reduce additional energy
consumption. In order to reduce the freezing point of water, so that the BTMS can be
used at a lower temperature (below zero), the water/glycol mixture is usually used as
the coolant. Adding glycol to water can substantially extend the breadth of application of
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BTMSs and lower the danger of battery damage caused by increased volume following
water condensation. To eliminate short circuit issues brought on by contact with the battery
following liquid leakage, the BTMS based on water or water/glycol liquid should strictly
avoid direct contact between the coolant and the battery [59].

Recently, nanofluids have attracted the attention and research of scholars due to their
excellent thermal conductivity in BTMSs [60–62]. The thermal conductivity of the liquid is
improved by adding metal particles to the water to make it a nanofluid. The concentration
and size of nanoparticles are two important factors affecting the thermal conductivity of
nanofluids. Zakaria et al. [63] investigated the effect of Al2O3 nanoparticles with different
volume concentrations (0.1, 0.3, and 0.5%) on thermal conductivity in a water/glycol mix-
ture. The results showed that the thermal conductivity increased with the concentration
of nanoparticles in the water/glycol mixture. In the water/glycol mixture with a volume
ratio of 1:1, the volume concentrations of nanoparticles were 0.1%, 0.3%, and 0.5%, re-
spectively, and the thermal conductivity increased by 2%, 4.2%, and 7.5%, respectively.
Maheshwary et al. [64] investigated the effects of TiO2 nanoparticle concentration, size,
and shape on the thermal conductivity of nanofluids. Thermal conductivity rises with
concentration, according to experimental data. Thermal conductivity can also be improved
by altering the shape and particle size, although the concentration influences this property
the most. In addition, Teng et al. [65] studied the effect of Al2O3 particle size on nanofluids
and found that the enhancement effect of nanofluids on thermal conductivity became larger
at higher temperatures, and for small-sized nanoparticles, the effect of temperature rise on
the thermal conductivity of nanofluids was more obvious. In other studies [66,67], it was
also found that smaller nanoparticles are beneficial to enhance the thermal conductivity of
nanofluids.

Tousi et al. [68] studied the thermal management of 18650/21700 LIBs based on AgO
nanofluids. It was revealed that the maximum temperature and temperature difference
of the battery pack were greatly lowered after adding nanoparticles in water, while the
pressure drop in the channel was increased. The findings demonstrate that, even at a high
discharge rate of 7C, the maximum temperature and temperature difference of the battery
can be kept within 33.5 ◦C and 0.67 ◦C at an appropriate flow rate and concentration of
the nanofluid. Sarchami et al. [69] designed an indirect liquid cooling system combining
a cooling channel and a copper sleeve, using Al2O3 nanofluids with volume fractions
of 1% and 2% as coolants. Experiments showed that the maximum temperature and
maximum temperature difference of the battery can decrease significantly with the increase
of nanoparticle concentration. At a 5C charge–discharge rate, the maximum temperature
and maximum temperature difference of the battery pack can be reduced below 305.13 K
and 2.01 K, respectively. Guo et al. [70] similarly highlighted that the cooling performance of
the BTMS can be achieved with more pressure loss. Additionally, they investigated the effect
of nanoparticle shape on cell performance and discovered that brick-shaped nanoparticles
could reduce cell capacity loss, while spherical-shaped nanoparticles preferred lower
pressure loss. Therefore, it can be seen that the addition of nanoparticles is beneficial to
improve the thermal conductivity of the coolant and the temperature uniformity in the
battery pack, but nanofluids may have problems with particle deposition and blockage.
Meanwhile, as nanoparticles are added and the fluid flow rate increases, this can lead to
larger pressure drops and energy consumption in the system, which needs to be taken into
account when choosing a nanofluid as a coolant.

Liquid metal is used in BTMSs as another coolant with high thermal conductivity.
Yang et al. [71] proposed using liquid metal instead of water as a coolant for BTMS. It was
found that the liquid metal cooling system has better cooling performance, which can
control the battery pack temperature to a lower and more uniform range, while consuming
less pumping power. In addition, liquid metals can be applied to extreme conditions, such
as rapid charge–discharge processes and high-temperature environments. Liu et al. [72]
also found that liquid metal has better cooling capacity and energy consumption than
water. A variable flow velocity strategy (VFVS) BTMS was used in Liu’s study in order to
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modify the liquid flow rate in response to various circumstances. The results demonstrated
that under the three conditions of constant ambient temperature with variable C-rate
(CTVC), constant C-rate with variable ambient temperature (CCVT), and variable ambient
temperature with variable C-rate (VCVT), the pump power is reduced by 47%, 25.6%, and
47%, respectively, in comparison to the conventional constant flow velocity strategy (CFVS).
This shows that the liquid metal used in indirect liquid cooling can display good cooling
performance and effectively reduce energy consumption. Therefore, liquid metal can be
considered to replace water as a coolant in a high-temperature environment and a high
discharge rate, but experiments are lacking to verify the effectiveness of liquid metal for
use in BTMSs.

In addition to studying coolants with different thermal conductivities to improve
the cooling performance of the BTMS, some scholars have also studied the temperature
of the coolant inlet. Panchal et al. [21] designed a microchannel cold plate to cool the
prismatic battery and studied the water cooling effect at the three operating temperatures
of 5 ◦C, 15 ◦C, and 25 ◦C. It was found that the coolant temperature would affect the
cooling performance of the cold plate. Malik et al. [73] studied the performance of the
battery pack at different coolant temperatures (10 ◦C, 20 ◦C, 30 ◦C, and 40 ◦C) based on
the cold plate. Experimental results showed that the performance of the battery pack was
improved with the increase of the coolant temperature. They found that when the coolant
temperature is 30 ◦C, the maximum and average temperature of the battery pack can be
controlled within 25 ◦C to 40 ◦C, whether at a low discharge rate or a high discharge rate.
In Shang’s study [74], it was discovered that the maximum temperature of the battery
module decreased with the decrease of the coolant inlet temperature, but the change of
temperature uniformity was not noticeable. Therefore, the temperature of the coolant is
also an important factor affecting the performance of the BTMS. Appropriately reducing
the inlet temperature of the coolant is beneficial to improve the temperature of the battery.

3.1.2. Flow Channel Optimization Design

In indirect liquid cooling, the coolant needs to pass through specific channels. How-
ever, different channel designs can have different effects on the thermal performance
and energy consumption of the BTMS, so researchers have carried out many studies
on channels. For the geometry of the cold plate channels, typical designs are shown in
Figure 5. Huo et al. [75] designed a multichannel parallel cold plate (Figure 5a). The effects
of channel number, flow direction, mass flow rate, and ambient temperature on battery
temperature were studied by numerical simulation. Jarrett et al. [59] used the CFD method
to numerically simulate the serpentine channel cold plate (Figure 5b); determined the
optimal design of the objective function of cooling hydraulic drop, temperature uniformity,
and average temperature; and studied the influence of boundary condition changes on the
performance of the cold plate. For the cold plate channel, its shape is mostly linear along
the flow direction, and the resistance will increase when the coolant flows in the pipeline.
In this case, Huang et al. [76] used streamlined channels for indirect liquid cooling, as
shown in Figure 5c. They found that this channel can effectively reduce the flow resistance
of the liquid and improve the temperature distribution of the battery. On the other hand,
Deng et al. [77] used a U-shaped serpentine channel cold plate (Figure 5d) to reduce the
resistance of liquid flow in the channel.
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Based on the typical channel structure, parallel channels and serpentine channels are
gradually replaced by channels with a better cooling effect. Monika et al. [78] compared
six cold plate designs with the same channel volume, as shown in Figure 6a, which are
straight channel, serpentine channel, U-shaped channel, pumpkin-shaped channel, spiral
channel, and hexagonal structure channel. Through numerical analysis, it was discovered
that, despite having a high pressure drop, the snake channel and hexagonal channel have
good cooling properties and can significantly improve the temperature distribution of
the battery pack. In contrast, the pumpkin-shaped channel is useful for lowering the
pressure drop and pumping power. In another study, comparing the performance of the
cold plate of the snake channel with that of the parallel channel, it was also found that
the pressure drop of the snake channel was greater than that of the parallel channel [79].
Moreover, Chen et al. [80] studied the cooling performance of the BTMS based on a parallel
mini-channel cold plate (PMCP), and designed three different flow channels of PMCP (type
I, Z, and U). It was discovered that the cooling performance of PMCP was greatly enhanced
by altering the edge width and channel width of the cold plate. Three symmetrical PMCPS
are also built in Chen’s study, as seen in Figure 6b. The results showed that the symmetrical
cold plate can control the maximum temperature and temperature difference of the battery
module within a low range, and is conducive to reducing the energy consumption of the
system.
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With regard to the geometry of the flow channel, topology optimization (TO) can also
be used to effectively improve the heat transfer efficiency of the cold plate and reduce the
flow loss [81]. TO enables greater flexibility in optimization on the basis of pre-designed
channels, thus improving the cooling performance of the system [82]. Chen et al. [83]
designed a cooling plate with a new channel structure by TO, as shown in Figure 7.
Numerical analysis showed that compared with the conventional rectangular channel cold
plate (RCP) and serpentine channel cold plate (SCP), the topology optimization cold plate
(TCP) has a higher heat transfer coefficient. At the same inlet pressure, the maximum
temperature, temperature difference, and temperature standard deviation of TCP-RCP
are 0.27%, 19.5%, and 24.66% lower, respectively, than those of the rectangular channel
cold plate (RCP). Sun et al. [84] and Wang et al. [85] also used the TO method to study
the cold plate, and found that TO can effectively improve the cooling efficiency of the
BTMS. However, the application and research of TO in BTMSs are still relatively few. Most
of the studies still analyze the cooling effect through numerical simulation. To explore
the feasibility of the cooling plate by TO, TO should be experimentally verified in future
research.
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In the study of channel width, Jarrett and Kim [59] studied the influence of channel
structure on its performance based on the serpentine channel cold plate and proposed
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several channel designs (Figure 8). Through a numerical optimization algorithm, it is
concluded that the minimum average temperature and pressure drop can be optimized by
increasing the channel width to the maximum extent. To optimize the design of uniform
temperature, the flow channel with a narrow inlet and wide outlet should be adopted.
In addition, Qian et al. [86] used numerical analysis to study the performance of parallel
channel cold plates and found that when the channel width increased from 3 mm to 6 mm,
the pressure drop of the system decreased by 55%. On the other hand, the distance between
channels is also important to improve the performance of the cold plate. Choi et al. [87]
used the CFD method to assess the design of the serpentine channel cold plate and found
that narrowing the channel spacing near the outlet of the cold plate is beneficial to improve
the cooling performance. Based on the above research, appropriately increasing the width
of the channel and reducing the spacing between the channels may be an optimal choice to
improve the performance of the cold plate.
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The application of microchannels to indirect liquid cooling can increase the heat
transfer area and thermal conductivity, reducing the average and differential temperatures
of the battery and enhancing the efficiency of the thermal management system [86,88].
Lan et al. [89] designed a novel BTMS. Aluminum microchannel tubes were placed on
the three surfaces of the prismatic battery, and water flowed in the channel as a coolant.
According to the results, the BTMS with microchannels can demonstrate a greater cooling
effect and lower the maximum temperature and maximum temperature difference of the
battery without causing pressure drop or requiring excessive pumping power. For the
study of the internal structure of the microchannel, Lee et al. [90] proposed a heat transfer
enhancement scheme, using inclined fins to adjust the flow in the microchannel. This
design promotes the redevelopment of the boundary layer and the generation of secondary
flow and improves the heat transfer performance. Subsequently, Jin et al. [91] proposed a
microchannel ultra-thin liquid cold plate (LCP) with inclined fins. As shown in Figure 9,
the heat transfer performance of the traditional straight channel will weaken along the
axial direction, and the thickness of the boundary layer will increase, resulting in a higher
maximum temperature and larger temperature difference. The design of these inclined fins
can initialize the flow boundary layer. The research shows that the cold plate with inclined
fins has a better cooling effect than the traditional straight channel cold plate, which can
significantly improve the performance of the BTMS.

Obviously, the cooling performance of indirect liquid cooling can be improved by
adjusting the structure and configuration of the channel, including the channel geometry,
channel width, channel spacing, number of inlets and outlets, microchannels, etc. At
present, most of the research focuses on numerical simulation and theoretical analysis.
In future research, manufacturing technology and cost need to be considered in order to
obtain satisfactory results in practical applications.
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3.1.3. Structure Optimization of Liquid Cooling System

The location of the cold plate, the contact area between the cooling structure and
the battery, the number of cooling channels, and the coolant flow rate have an important
influence on the cooling performance of the system. According to the position of the cold
plate, it can be divided into bottom cooling and side cooling. Darcovich et al. [92] examined
the cooling effectiveness of the two cold plate locations by putting the cold plate on the side
and bottom of the prismatic battery. Because side cooling has more contact areas with the
battery than bottom cooling, it has a lower maximal temperature and greater temperature
uniformity. Tang et al. [93] designed a multichannel wavy tube for cylindrical battery
packs. As shown in Figure 10, the two sides of the wave tube have radians that can be
in close contact with the side of the battery. The maximum temperature and maximum
temperature difference of the battery pack were studied by changing the wavy contact angle
(α) and mass flow. The wave tube can reduce the uneven temperature in the battery pack
and has a good heat dissipation capability at low flow rates, according to simulation and
experimental results. Similarly, Zhao et al. [94] also designed a side cooling wave channel
for the battery pack. Through simulation, it was discovered that even at a charge–discharge
rate of 5C, the wave channel was still practical for the thermal control of the battery.

In addition to studying the location of the cooling device, changing the number of cold
plates can also improve the temperature distribution of the battery pack. Qian et al. [86]
designed two cooling systems based on different numbers of cold plates. The simulation
results showed that the three cold plates helped to improve the temperature distribution.
When the coolant flow rate is 1 × 10−3 kg/s, the maximum temperature and temperature
difference of the battery pack are reduced by 13.3% and 43.3%, respectively. In another
study [95], the author designed six different arrangement schemes of cold plates to study
the heat dissipation effect of the battery pack. The maximum temperature of the battery
pack decreased with the increase of the number of cold plates. When the number of cold
plates increased to five, the heat dissipation performance of the system was the best. The
author emphasized that when the number of cold plates is the same, placing the cold plates
evenly near the intermediate battery is beneficial to reduce the maximum temperature.
Therefore, within the allowable range of cost and power, side cold plates should be selected
as much as possible, and the number of cold plates should be increased.
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A key problem in indirect liquid cooling is that there is an air gap between the battery
surface and the cooling structure, resulting in a decrease in cooling efficiency. Therefore,
it is crucial to design a suitable contact area to increase the effectiveness of heat transfer.
Zhou et al. [96] investigated a liquid cooling system based on the half-helical duct, as
shown in Figure 11a. They pointed out that this structure is more efficient due to the small
volume of liquid and no stagnation zone. Rao et al. [97] proposed a variable contact surface
cylindrical BTMS, as shown in Figure 11b. According to the simulation results, the BTMS
with a changeable contact surface helps to increase the battery’s temperature uniformity.
Siruvuri et al. [98] designed an s-shaped cooling channel and analyzed the influence of
the contact area between the channel and the battery on BTMS. They pointed out that
increasing the contact area can improve the cooling effect of the battery. In addition, the
contact area with the battery can be controlled by changing the width of the cold plate [74]
and the angle between the wave tube and the battery [93,94], thereby improving the cooling
performance of the BTMS.
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The number of cooling channels and the direction of flow are also two key factors in
improving cooling performance. Zhao et al. [99] designed a new liquid cooling system
for cylindrical LIBs. A liquid-cooled cylinder (LCC) with microchannels was positioned
around the battery, as seen in Figure 12a. Numerical simulations have found that the
maximum cell temperature can be controlled to within 40 ◦C when there are no less than
4 channels and a mass flow rate of 1 × 10−3 kg/s. For the flow direction, the reverse
flow of some channels has little effect on the maximum temperature and temperature
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difference of the battery. Qian et al. [86] established a three-dimensional liquid cooling
model based on the microchannel cold plate. The results showed that the best cooling effect
was obtained when the number of channels was five. They designed four cases for different
flow directions (Figure 12b). It is found that the maximum temperature of cases 1 and 3 is
almost the same, which is 8% lower than that of cases 2 and 4. Deng [77] similarly found
that cooling efficiency continued to improve as the number of channels increased, but
after the number of channels exceeded five, the improvement became insignificant after
increasing the number of channels further. Deng et al. [95] investigated the effect of liquid
flow direction in the cold plate channel on cell temperature and found that changing the
flow direction of the liquid facilitated the uniformity of the cell temperature.
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Therefore, the number of cold plate channels is not as high as possible, and an optimal
number of channels exists. As the number of channels increases, it may lead to an uneven
distribution of flow rates within the channels, making the temperature difference between
cells increase. The change of flow direction is beneficial to reduce the maximum temperature
of the battery, but its improvement on the cooling performance is affected by the coolant
flow rate [75].

A lot of research has been conducted on the flow rate of coolant in the channel. By
increasing the flow rate of the liquid, it is beneficial to dissipate the heat generated by
the battery quickly, but it is the same as choosing the number of channels, and we cannot
blindly increase the flow rate to improve the heat distribution of the system. It has been
found that when the flow rate is increased to a certain value, a higher flow rate has no
significant effect on the cooling effect, but instead increases the additional power of the
pump. This phenomenon is called the limited cooling capacity when designing BTMS
related to the liquid cooling structure of a specific cold plate [100]. Therefore, many studies
have considered the balance between cooling effectiveness and energy consumption to find
the optimum flow rate [9,13,75,101]. Pan et al. [102] studied the effects of the number of
channels, thickness of the cold plate panel, coolant mass flow rate, and thickness of the
cooling tube on the cooling performance of the battery system. Based on an orthogonal test
created using these four variables, it was discovered that the thickness of the cooling plate
or cooling tube had a minor impact on the battery’s ability to dissipate heat, whereas the
number of cooling channels and coolant mass flow rate had a significant impact. Increasing
the mass flow rate was an efficient way to improve battery heat dissipation. Jia et al. [103]
similarly found that the number of pipes and coolant flow rate were the main factors
affecting cell temperature uniformity, while pipe width and pipe height were secondary
factors.

Mohammadian et al. [104] proposed an internal cooling system, in which the elec-
trolyte acts as a coolant through the microchannel between the positive and negative
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electrodes of the battery, as shown in Figure 13a. To evaluate the internal and external
cooling techniques used by the BTMS, a two-dimensional and three-dimensional transient
thermal analysis of the prismatic battery pack was carried out. The results show that inter-
nal cooling systems are superior to external cooling systems, with internal cooling reducing
the internal cell temperature more than external cooling for the same pumping power,
and significantly reducing the standard deviation of the internal cell temperature field.
Although internal cooling helps to increase cooling efficiency and decrease the temperature
gradient, it will also add weight to the system and be more expensive to manufacture
due to its high manufacturing difficulty. In order to improve the safety of indirect liquid
cooling, Basu et al. [16] designed an aluminum wave heat conduction element based on the
liquid cooling system to replace the contact between the cooling channel and the battery
(Figure 13b). The aluminum heat dissipation element transfers the heat generated by the
battery to the cooling channels on both sides, and the coolant takes the heat away through
the channels on both sides. In the event of coolant leakage, the heat conduction element
can be used as a baffle between the coolant and the battery, thereby improving the safety of
the BTMS.
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Recently, many innovative structures have been proposed in the design of battery
packs for electric vehicles (Figure 14) to improve the energy density and volume utilization
of the battery system. Conventional battery packs (Figure 14a) are composed of cells,
modules, and battery packs, and this method not only results in a waste of space and
weight, but also leads to the group efficiency being only about 50%, which limits the
driving range [105]. The cell-to-pack (CTP) battery system (Figure 14b,c) skips the module
and goes directly from cell to pack, which improves both energy density and volume
utilization by 15–20% [106]. However, while the battery system is still a separate structure
for CTP, the cell-to-chassis (CTC) battery system (Figure 14d) integrates the battery directly
into the vehicle chassis, which not only improves the energy density, but also enables a
further increase in space utilization [107]. Compared with conventional battery packs, both
CTP and CTC technologies simplify the system structure to increase the energy density
of the battery, but from the safety point of view, the batteries are placed closely together,
which is easy to cause heat accumulation, thus causing thermal safety problems [108].
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The heat dissipation of batteries in CTP and CTC systems mainly relies on cold plates,
which brings new challenges to the BTMS. For example, Shen et al. [105] developed a
3D model of the CTP battery system and investigated the heat dissipation performance
of the cold plate at the bottom of the battery pack. The simulation results showed that
under extreme conditions (4C charging), the maximum temperature of the battery reached
79 ◦C, implying that the cold plate was not able to meet the heat dissipation needs of the
system, and the battery might experience thermal runaway. In order to solve the heat
dissipation problem in the CTP battery system, Sun et al. [110] optimized the structure of
indirect liquid cooling under fast charging to study the effects of channel height, channel
width, coolant flow, and coolant temperature on the battery temperature. The simulation
results found that the coolant flow rate and temperature are the main factors affecting
the battery temperature, while the channel height and width have little influence, and
the temperature of the battery pack can be controlled at 30–35 ◦C under an effective
configuration. In addition, the authors proposed a coolant inlet direction exchange method
to reduce the temperature difference of the battery system, and achieved good results.
From the perspective of crashworthiness and heat dissipation, Wang et al. [111] added
negative Poisson’s ratio (NPR) tubular structures (including an anti-collision layer and heat
dissipation layer) on both sides of the CTP battery pack. The numerical simulation results
indicated that the CTP-NPR system has superior structural safety and heat dissipation
compared with the CTP system. Besides studying the cooling system structure, the safety of
BTMS can be improved by optimizing the arrangement structure of batteries. In this regard,
Jin et al. [109] investigated the influence of the battery arrangement structure on thermal
runaway propagation in CTC systems. The results indicated that the safety of the battery
system can be improved by adjusting the battery structure. After changing the battery
arrangement from the conventional in-line configuration into the brick configuration, the
thermal runaway propagation can be effectively prevented due to the lower peak heat flow
in the brick configuration and the fact that the heat can be transferred to more adjacent
batteries.

In summary, the performance of battery thermal management can be improved by
adjusting the structure of indirect liquid cooling, but as the energy density of the battery
continues to increase, this will create higher heat dissipation requirements for BTMS.

3.2. Direct Liquid Cooling

In the direct liquid cooling system, the coolant and the battery are in direct contact,
which makes the heat transfer process more effective and simplifies the structure of the
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system and reduces the contact thermal resistance. The coolant in direct liquid cooling sys-
tems should be well-insulated, non-flammable, and environmentally friendly. Commonly
used fluids include silicone oil, transformer oil, hydrofluoroether ether, etc. Compared
with indirect liquid cooling, it can save space and costs and reduce overall weight, but from
the perspective of energy consumption, direct liquid cooling systems require more energy
since the coolant has a high viscosity [2]. Several investigators [91,112] have noted that
direct liquid cooling systems for BTMSs may not be appropriate for application because
of their greater viscosity, which uses more energy than indirect liquid cooling. However,
oil-immersed direct contact is a mature transformer cooling technology, which can provide
some references for the design of the BTMS [15]. Karimi et al. [58] pointed out that although
silicone oil needs high pumping power, it can provide effective cooling performance with
an appropriate flow configuration. In addition, Patil et al. [5] showed that dielectric fluid
immersion cooling technology is safe, because the voltage and current of LIBs are not
affected by immersion cooling and can provide similar electrical properties. Liu et al. [52]
suggest that immersion cooling may be a better option for future battery thermal manage-
ment. In summary, the battery thermal management based on direct liquid cooling has
great research significance. The research on direct cooling is introduced below.

3.2.1. Coolant

A typical coolant used for direct cooling is oil. Oil has higher thermal conductivity and
electrical insulation than air and water. The temperature of the battery can be reasonably
controlled by completely submerging it in oil. Single-phase oils that are frequently used
in direct liquid cooling are silicone oil and mineral oil. They have some benefits over
conventional coolants, including high dielectric strength, great thermal conductivity, good
fire resistance, low corrosion resistance, and difficulty in burning [113]. Chen et al. [9]
compared air cooling, direct liquid cooling, and indirect liquid cooling using mineral oil
as the coolant in direct contact with the cell and found mineral oil cooling to be more
effective than air cooling. However, under the same temperature rise conditions, mineral
oil requires a greater flow rate and consumes more energy than indirect cooling with water
due to its high viscosity. Similar conclusions were reached by Karimi et al. [58] for a silicone
oil study. In order to balance the cooling effect and energy consumption, Liu et al. [101]
designed a BTMS based on mineral oil immersion to investigate the improvement of heat
dissipation performance with different flow rates. At a 2C discharge rate, it was found
that the battery immersed in mineral oil exhibited a better temperature distribution, even
when the cooling medium was not flowing, with maximum and maximum temperature
differences of 37.35 ◦C and 2.64 ◦C for the battery, respectively. As seen in Figure 15,
increasing the flow rate of mineral oil reduced the cell temperature and kept the maximum
temperature within 35 ◦C, but the improvement in cooling performance diminished at flow
rates above 15 mL/min. Therefore, when using insulating oil as a coolant, as with indirect
liquid cooling, there may be a cooling limit. Once the flow rate has increased to a certain
value, any further increase in the flow rate will have a more limited improvement in the
cooling effect, which requires a balance of energy consumption and cooling effect to be
considered in order to select the optimum coolant flow rate.

The BTMS based on boiling heat transfer has attracted attention because of its ability
to effectively control the temperature of the battery pack and maintain a uniform battery
temperature. Commonly used in the boiling cooling of batteries is the Novec 7000 from
3M in St. Paul, MN, USA, which is non-flammable and has a boiling point of 34 ◦C, just
within the optimum operating temperature range for LIBs [51]. When the temperature
is below the boiling point, boiling liquid cooling is a single-phase cooling method that
has a much greater cooling capacity than air and can improve the heat distribution of the
cell even if boiling does not occur. Once the temperature exceeds the boiling point, the
liquid will absorb a large amount of latent heat during evaporation into the gaseous state,
keeping the temperature around the boiling point (Figure 16). However, once the liquid has
evaporated into a gaseous state, an additional condensation system is required to collect
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the boiling liquid for recycling, which adds to the complexity of the BTMS. Wu et al. [114]
proposed a boiling cooling BTMS, in which Novec 7000 is used as a coolant in direct contact
with a 20 Ah LiFePO4 LIB. The surface temperature of the battery can still be kept within
36 ◦C when the coolant is not flowing, and the temperature uniformity of the battery is
also significantly enhanced. The authors proposed an intermittent flow mode, in which the
maximum temperature and maximum temperature difference of the cell are controlled to
below 36 ◦C and 2 ◦C, respectively. Wang et al. [115] and Gils et al. [116] studied Novec
7000 as a coolant in direct contact with the battery, and also obtained a satisfactory cooling
effect.
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Esters, as another coolant that can be used in direct liquid cooling systems, can be
divided into natural esters and synthetic esters. Natural esters are produced by vegetable
oils containing a glycerol backbone, while synthetic esters are produced by the reaction
between polyol and carboxylic acids [53]. Compared with synthetic esters, natural esters
have the disadvantage of being prone to oxidation and requiring the addition of antiox-
idants. Esters are less harmful to the environment than mineral oils and silicone fluids,
lower the risk of pollution even in the case of a leak, have high thermal conductivity,
and are non-corrosive. Esters have a greater flash point and ignition point than mineral
oils and a higher safety profile than oils, but they also have a higher viscosity, and more



Batteries 2023, 9, 400 20 of 37

studies and evaluations are currently looking into using esters as transformer oils [117,118].
Madavan et al. [119] studied the performance of mixed esters, mixing several natural esters
with mineral oils in proportion, and found that the breakdown voltage of the natural ester
oils was superior to that of the mineral oils, but the viscosity and acidity of both the natural
esters and the mixed oils were higher than that of the mineral oils. The authors noted that
the higher-molecular acids are not harmful to the insulation system, but the high viscosity
increases energy consumption. Another advantage of esters compared with mineral oil is
their renewability. Due to the limited reserves of mineral oil, the feasibility of esters for
thermal management systems has received a lot of attention and research. Moreover, the
researchers also conducted a study to verify the feasibility of reusing the treated waste
vegetable oil. In this regard, Chairul et al. [120] combined several treatments and were able
to reduce the acidity of used edible vegetable oils to less than 0.06 mg KOH/g, and the
density, viscosity, and electrical properties of the treated oils met the requirements of BS
EN 62770.

In the area of BTMSs, M&I has introduced an ester-based immersion cooling medium
fluid called MIVOLT with a high ignition point and easy biodegradability, including
two products (DF7 for low viscosity and DFK for high viscosity) specifically for use in
cooling electric vehicle batteries [53]. Qubeissi et al. [121] proposed a biodiesel-based
immersion cooling system using four biodiesels (palm, karanja, jatropha, and mahua oils)
in comparison to two conventional coolants (air and 3M Novec). The simulation results
showed that using biodiesel for the BTMS was feasible because it could keep the battery
pack temperature within a reasonable range. As seen in Figure 17, the cooling effect of palm
oil and Novec is essentially the same. Moreover, because palm oil has a lower density than
Novec, it facilitates a reduction in total weight. In conclusion, esters have been employed
in transformers, but research on BTMSs is still lacking. Esters would be a good candidate
coolant for BTMS if a low-viscosity and less oxidizable ester could be discovered as a
cooling medium for immersion cooling.
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3.2.2. Research on Cooling Performance

In recent years, research on immersion cooling has focused on the cooling effect of
single batteries and battery packs. Pulugundla et al. [122] used experimental and numerical
analysis to compare the cooling effects of immersion cooling and indirect liquid cooling
on single cylindrical cells. They discovered that the cell temperature and temperature
gradient of the immersion cooling system was much lower than those of the indirect
cooling system at a 3C discharge rate. The authors also pointed out that immersion
cooling can offer superior cooling performance for applications involving cylindrical LIBs.
According to Bhattacharjee et al. [123], liquid cooling outperformed air cooling. The
maximum temperature of the battery pack was decreased by 30.62% by air cooling and
by 38.40% by indirect liquid cooling. The immersion cooling system exhibited remarkable
cooling capacity, as it can reduce the battery pack’s maximum temperature of 49.76 ◦C by
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44.87% at a 2C discharge rate. Cold plate cooling and immersion cooling were compared
by Dubey et al. [54], who came to the conclusion that the high thermal conductivity of
immersion cooling at high discharge rates was the reason why the battery pack’s maximum
temperature and average temperature were significantly lower than those of the cold plate
cooling system. Wang et al. [124] proposed immersion cooling with a compact structure
and superior cooling performance (Figure 18). Experimental research was conducted on the
effects of the immersion amount and flow rate on battery temperature using transformer
oil as a coolant. It was found that the best cooling performance was achieved when the
battery was fully submerged. Complete immersion displayed good cooling, even when
the liquid was not flowing, with maximum temperatures falling from 58.3 ◦C to 44.9 ◦C
and maximum temperature differences decreasing from 4.97 ◦C to 1.43 ◦C when compared
with natural convection cooling. In addition, Sundin et al. [125] and Jithin et al. [126] both
conducted studies based on single-phase immersion cooling fluids and similarly concluded
that immersion cooling was effective in improving the temperature distribution of the
batteries.
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Based on immersion cooling, Trimbake et al. [127] proposed a jet impingement im-
mersion cooling of a 4-cell battery pack, using mineral oil as the coolant and designing
both submerged jet and direct-jet impingement. Experimental results showed that the
proposed jet impingement cooling was able to control the temperature difference between
cells, as well as within a single cell, to within 1 ◦C under 2C charging and 3C discharging,
respectively, showing excellent temperature uniformity. Liu et al. [128] examined the heat
dissipation capabilities of mineral oil with silicone oil. Figure 19 shows that both insulating
oils are able to control the maximum temperature and maximum temperature difference of
the cell to within 35 ◦C and 5 ◦C, respectively, with the mineral oil providing better cooling
than the silicone oil. Moreover, the coolant flow path in immersion cooling has garnered
interest. Patil et al. [5] pointed out that the placement of a baffle in direct liquid cooling
can alter the flow path of coolant. Compared with no baffle, the maximum temperature
and maximum temperature difference of a single battery are decreased by 2.2% and 1.0%,
respectively. Han et al. [129] stated that designing an optimal coolant flow path is necessary
to improve the cooling effect on the battery thermal management performance and apply it
to higher heat dissipation requirements.
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In the study of a two-phase immersion cooling system, Al Zareer et al. [130] used the
phase change fluid R134a to partially immerse the battery pack in the liquid. The phase
change fluid absorbed the heat generated by the battery and evaporated, and the vapor was
returned to the cooling system through the condensation channel. Although this cooling
method is quite simple, the BTMS based on phase change fluid shows superior cooling
performance. It was found that at a 5C charge–discharge rate and a battery coverage of
only 40%, the maximum temperature of the battery pack could be kept within 30 ◦C. To use
liquid evaporation to cool the battery pack, the authors also suggested partially immersing
the battery in pressurized, saturated liquid ammonia and propane. They discovered that
the proposed two-phase immersion cooling system was capable of controlling the battery’s
temperature within the ideal temperature range [131,132]. To analyze the cooling effects
of indirect cooling, single-phase immersion cooling, and two-phase immersion cooling
on the battery pack, Li et al. [133] simulated a system consisting of 18 LiFePO4 pouch
cells. The results showed that neither indirect cooling nor single-phase immersion cooling
could control the temperature of the battery pack to an acceptable range at a discharge
rate of 10C, while in the two-phase immersion cooling system, not only did the maximum
temperature go below 35 ◦C, but it also ensured better temperature uniformity. Recently,
Li et al. [134] compared the cooling performance of hydrofluoroolefin (SF33) immersion
cooling and forced air cooling, and studied four different depths of discharge (DOD) at
different discharge rates. The experimental results showed that the maximum temperature
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rise of a single cell under forced air cooling was 14.06 ◦C at a 4C discharge rate, while
the maximum temperature rise in immersion cooling was only 4.97 ◦C. At the same time,
they found that even at a 7C discharge rate (Figure 20), the two-phase immersion cooling
system was able to control the cell temperature to within 34.5 ◦C. This is due to the higher
discharge rate, which facilitates stronger boiling heat transfer and obtains a stronger heat
dissipation capability.
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Compared with air cooling, immersion cooling will increase the overall weight, and
there is a risk of leaking coolant. Compared with indirect liquid cooling, the viscosity of
the coolant is generally higher than that of water, and the optimal flow rate needs to be
considered to reduce the additional power of the pump. Therefore, when evaluating the
cooling performance of a cooling system, the overall energy consumption should be taken
into account, in addition to the cooling effect. Karimi and Li [135] pointed out that the heat
transfer rate of silicone oil is much higher than that of air at the same flow rate. At low flow
rates, due to the higher viscosity of silicone oil, a higher pumping power is required, which
is only 1.5 to 3 times higher than the thermal conductivity of air. Deng et al. [51] discussed
the heat transfer efficiency of a high-viscosity submerged cooling oil compared with air
at the same pressure drop and found that improvements could only be made to a limited
extent. In another study [9] comparing flow rates, pressure drops, and energy consumption
for different cooling methods at the same temperature rise, it was found that mineral
oil-based immersion cooling was far more efficient than air-cooled systems in balancing
pressure drop and heat transfer efficiency, even though a lower flow rate was chosen.
Matsuoka et al. [136] studied five immersion cooling media: fluoride FC3283, fluoride
FC43, 50cSt silicone oil, 20cSt silicone oil, and soybean oil. They found that the cooling
performance in natural convection was influenced by the viscosity of the coolant, with
lower-viscosity coolants being able to reduce temperatures significantly. Therefore, 20cSt
silicone oil showed superior cooling performance in natural convection than 50cSt silicone
oil. Dubey et al. [54] used hydrofluoroether for immersion cooling, which resulted in
better pressure drop variation for immersion cooling than indirect cooling due to the lower
viscosity and density of hydrofluoroether compared with cold plates using water/glycol.
As a result, it is essential to try to choose a coolant with low viscosity in submerged cooling,
not only to reduce pressure drop and energy consumption, but also to obtain better cooling
performance. In addition to pressure drop and viscosity, Wu et al. [137] used silicone oil
as a coolant in direct contact with the cell and found that a silicone oil-based submerged
cooling system was able to ensure thermal safety issues for the cell and could reduce the
volume occupied by the cell system and also improve the cooling efficiency. Chen et al. [9]
and Patil et al. [5] also found that the use of direct liquid cooling could make the cooling
system lighter and more compact.
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According to the aforementioned research, both single-phase and two-phase im-
mersion cooling systems have demonstrated satisfactory results. Immersion cooling has
excellent cooling performance in BTMSs. In immersion cooling systems, more contact area
is gained due to the direct contact between the cell and the cooling liquid, which facilitates
the compactness of the cell thermal management and the design requirements for high heat
transfer efficiency. The flow path of the coolant is worthy of investigation, which is mainly
focused on simulations and lacks relevant experimental studies. At the same time, systems
based on two-phase immersion cooling fluids have shown superior cooling performance
and can be used for cooling under some extreme conditions.

3.3. Composite Cooling

With the rapid advancement of electric cars comes an increase in the demand for
battery thermal management. Table 1 lists the benefits and drawbacks of each cooling
technique. With high charge–discharge rates and high range requirements, it is difficult
to achieve satisfactory results with a single cooling method, and combining two or more
types of combined cooling has attracted the attention of researchers. In order to meet the
need for high heat dissipation in battery systems under extreme conditions, a composite
cooling system based on liquid cooling is discussed in this section.

Table 1. Comparison of different single cooling methods [8,12,138].

Cooling Type Dominance Problems

Air cooling Simple structure, low cost, proven
commercial application

Limited heat dissipation, low thermal conductivity, unable
to meet high heat dissipation requirements

Liquid cooling
Good temperature uniformity, wide range of use,

high thermal conductivity, high cooling
efficiency, good compactness

Complex structure, leakage problems, high cost

PCM High latent heat of phase change, no energy
consumption, low cost, non-corrosive Large volume changes, leakage problems after melting

Heat pipe Compact, low weight, long life, high thermal
conductivity, good stability Small capacity, low cooling efficiency, small contact surface

Air cooling is simple in structure and can be achieved through the cell slits without the
need for additional air ducts. The combination with liquid cooling increases the efficiency of
thermal management and does not add additional complexity to the cell module structure.
To investigate the impact of various assembly structures, air circulation, and liquid cooling
conditions on the cell temperature, Wang et al. [139] suggested a composite cooling with a
combination of forced air cooling and liquid cooling plates in an enclosed space (Figure 21).
According to the research, a structure with a fan mounted beneath the cooling plate was
the best option in terms of cooling effectiveness and cost. At a total heat generation of
576 W, the maximum temperature and temperature difference were decreased by 3.45 K
and 3.88 K, respectively, and the temperature uniformity and temperature control efficiency
were increased by 2.42 and 2.61 times, respectively, compared with the vacuum package’s
single cold plate cooling method. They also stated that this composite cooling system has a
simple structure with good thermal performance, which can improve the performance and
reliability of the battery module in the enclosed space. Yang et al. [140] combined air cooling
and microchannel liquid cooling to investigate the thermal performance of a composite
cooling system and found that the system facilitated improved battery performance and
temperature uniformity. Li et al. [141] similarly found that a combination of air cooling and
indirect liquid cooling could improve the performance of the BTMS. Simulations found that
under extreme conditions (high temperature and high discharge rate), the maximum cell
temperature could be controlled to within 45 ◦C, but the maximum temperature difference
exceeded 5 ◦C. Traditional active air and liquid cooling works by using additional energy
to circulate the cooling medium in order to produce a greater cooling effect, but this cooling
effect may not always be as effective as desired.
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The thermal management system coupled with liquid cooling and PCM can combine
the advantages of the large convective heat transfer coefficient of liquid, large latent heat of
PCM, and no energy consumption. It can not only reduce the energy consumption of the
system, but also achieve a better cooling effect, and has a good development prospect. The
PCM’s moldable shape makes it ideal for embedding cooling channels or cooling plates for
quick heat dissipation. Zheng et al. [142] developed a composite cooling system with PCM
filling the cooling pipes and battery gaps, and, through simulation, found that it is difficult
for PCM to utilize latent heat if the system is primarily liquid-cooled. They mentioned
that PCM can be substituted with some high-thermal-conductivity materials because the
system can still perform well at cooling, even in the absence of phase shift. In order to
take advantage of the latent heat of PCM, Kong et al. [143] proposed a composite cooling
system, in which PCM cooling is the mainstay, and liquid cooling is used to recover the
latent heat of PCM. The efficacy and practicality of the composite system were confirmed
through experiments. Zadeh et al. [144] investigated the BTMS of a 12-cell 18650 LIB
pack and designed natural convection cooling, forced convection cooling, finned-natural
convection cooling, PCM cooling, and combined cooling with PCM and liquid cooling.
According to simulation findings, PCM in conjunction with liquid cooling is the only way
to achieve the battery life requirements (≤45 ◦C). For a battery pack with 40 cylindrical
cells, Cao et al. [145] suggested a delayed cooling device using PCM and a cooling plate
combination. According to the simulation results, the delayed cooling system can improve
the temperature difference between cells, while also reducing the power consumption of
the system. The combined cooling can keep the temperature within 55 ◦C at a 4C discharge
rate.

Heat pipes are a highly efficient heat transfer element based on gas–liquid phase
change, with a high thermal conductivity that is tens or even hundreds of times higher than
that of metals of the same size [146]. The heat pipe uses no extra power, similar to PCM.
The evaporation end and the condensation end are the two extremities of the heat pipe,
respectively. The evaporation end is in contact with the external heat source. As heat is
absorbed by the coolant in the tube core, it will vaporize and travel to the condensation end,
and then undergo exothermic liquefaction. Finally, through the capillary force, the cooled
liquid travels to the evaporation end. In the BTMS, the condensing end of the heat pipe,
which relies only on natural convection to cool it, is unable to meet the heat dissipation
requirements of the battery [147]. The combination of heat pipes and liquid cooling to create
a BTMS has garnered interest in order to achieve superior cooling. Mei et al. [148] studied
the BTMS with heat pipe coupling liquid cooling. The simulation results showed that the
liquid cooling thermal management based on the flat heat pipe can effectively improve the
temperature uniformity of the battery. Yuan et al. [146] proposed a BTMS coupled with a
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heat pipe and a cold plate. The condensation end of the heat pipe is in contact with the
cooling plate (Figure 22). The coolant flow rate, ambient and inlet coolant temperature, and
discharge rate were studied. The experimental results showed that the structure can meet
the heat dissipation requirements at a 2C discharge rate in the environment of 30 ◦C. The
maximum temperature and temperature difference of the battery are maintained at 34.1 ◦C
and 1 ◦C, respectively. Compared with single cooling, composite cooling can meet the
heat dissipation requirements of batteries in continuous cycle operation. Liang et al. [149]
designed a composite cooling system with the condensing end of the heat pipe embedded
in a liquid cooling channel to study the thermal performance of intermittent and continuous
cooling, and the results showed that the use of intermittent cooling not only met the thermal
requirements of the battery, but also reduced the energy consumption of the system by
reducing the operating time. In order to improve the temperature uniformity of the battery
module, Wei et al. [150] proposed a reciprocating cooling strategy based on heat pipe-
coupled liquid cooling. The simulation found that reciprocating cooling can significantly
improve the temperature gradient in the battery module. In summary, the condensing
end of the heat pipe can not only be coupled to the cold plate, but can also be submerged
directly in the coolant. Although the combination of liquid cooling and heat pipes results
in superior cooling, the coolant requires a special container, which increases the complexity
of the construction and the weight of the system.
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4. Battery Preheating Technology

The BTMS has three functions: preheating the battery at low temperatures, cooling the
battery at high temperatures, and controlling the temperature difference between batteries,
so that the battery system can maintain stable performance under different conditions.
The current research on BTMS mainly focuses on cooling the battery and reducing the
temperature difference between batteries, because the high temperature effect of the battery
is not limited by the ambient temperature. The high temperature effect is mainly caused
by the internal heat generation of LIBs, which usually occurs under fast charging and
discharging, while the low temperature effect occurs at lower ambient temperatures [151].
It is worth noting that preheating the battery in cold environments is also an important
function of the BTMS, and the heating and cooling will affect each other, so the design of
the preheating function in the BTMS should not be neglected.

Battery preheating methods can be divided into internal heating and external heat-
ing. Internal heating includes self-heating and current excitation heating, while external
heating includes techniques combined with cooling methods and thermoelectric element
heating [152]. Although internal heating has higher heating efficiency and better tempera-
ture uniformity, the control mechanism of this method is more complicated and may lead
to safety problems [153]. External heating is the more common heating method at low
temperatures due to its simple construction. Combined with the above research on indirect
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liquid cooling and direct liquid cooling, this section focuses on the relevant literature based
on liquid preheating.

The preheating system can be divided into non-contact heating and immersion heating,
according to whether the battery is in contact with liquid or not [154]. Non-contact heating
technology can be used to improve preheating performance by adjusting the structure
of the system. For example, Tang et al. [155] designed a novel indirect liquid cooling
thermal management system, which consists of a straight microchannel flat tube and
heat-conducting blocks, and a three-dimensional transient heat transfer model was used
to study the thermal performance of the battery system. It was found that the cooling
performance of the system increased with the increase of contact surface angle and inlet
liquid flow rate. For the preheating study of the battery system at subzero temperature,
they found that a larger gradient angle increment was beneficial to improve the temperature
uniformity. Chen et al. [156] proposed a double-direction liquid heating system for the
CTC battery system to maintain the normal start-up and energy output of the battery at
very low temperature (−40 ◦C). Numerical results showed that the system was able to heat
the battery above 0 ◦C in a short time without consuming much energy. Wu et al. [157]
designed a novel BTMS consisting of a vapor chamber (VC) and a microchannel cold plate
(Figure 23a) to realize the cooling and heating of the battery system. Numerical simulations
and experimental results showed that the proposed hybrid cooling system was able to
control the temperature of the battery system within the optimal operating range. They
also heated the battery system at subzero temperature and found that the hybrid system
can heat the battery faster and maintain good temperature uniformity compared to the
system with a microchannel cold plate.
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In addition to using the fluid medium as a heat source to heat the battery at low
temperatures, it can also be heated by the external thermoelectric element to investigate
the effect of the BTMS on the temperature during the heating process. An et al. [158]
designed a honeycomb BTMS (Figure 23b) with a combination of liquid cooling and PCM,
which has the double function of heating and cooling, where the heating was achieved
by the rubber heating belt. The results showed that this composite cooling system can
control the maximum temperature and temperature difference of the battery module
within 46.21 ◦C and 3.5 ◦C, respectively. And the temperature of the battery module
can be increased from −15 ◦C to 10 ◦C in 6 min under the effect of heating belts with
different power, and the maximum temperature difference can be controlled within 5 ◦C. In
order to improve the temperature uniformity of the battery during the preheating process,
Wang et al. [159] proposed an immersion preheating system, in which the battery pack was
directly immersed in the coolant. The simulation results showed that the temperature rise
rate of the system can be as high as 4.18 ◦C/min, and the temperature difference between
batteries can be controlled within 4 ◦C, showing excellent preheating performance.
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Compared with non-contact heating, the immersion preheating method can obtain
higher heat transfer coefficient, so as to obtain better temperature rise rate and temperature
uniformity [160]. However, considering the space constraints in vehicles, most liquid
preheating methods are non-contact. For the liquid preheating system, there are not
only the problems of high system tightness requirement and complex structure, but also
the balance between energy consumption and heating performance of the BTMS. In the
future research, we should further study various preheating systems, so as to realize the
application of the battery system in the whole climate and improve the efficiency of BTMS.

5. Liquid Cooling Safety

The goal of BTMSs is to transfer the heat produced by the battery as quickly and
efficiently as possible to prevent heat accumulation that could lead to thermal runaway.
Nevertheless, some abuse of the battery (mechanical, electrical, and thermal abuse) can lead
to thermal runaway, during which the battery may expand, eject, catch fire, or explode [53].
In recent years, there have been many studies on thermal runaway, including the effect
of BTMSs on thermal runaway [161,162]. Compared with other cooling methods, liquid
cooling has attracted wide attention because of its high thermal conductivity, which can
effectively reduce the temperature and temperature difference of the battery and avoid the
occurrence of thermal runaway.

To verify that liquid cooling can improve the safety of the system, Mohammed et al. [163]
designed a dual-purpose cold plate for prismatic LIBs. They added pins inside the cold plate
to increase the contact area and reduce the pressure drop. Through simulation, it is found that
whether it is normal operation or thermal runaway, the cold plate can effectively control the
temperature of the battery. By increasing the coolant flow rate, the temperature of the battery
with thermal runaway can be reduced to 75 ◦C. Ke et al. [55] studied the effect of indirect
liquid cooling on the thermal runaway propagation of the battery pack. The battery pack is
composed of 10 batteries in parallel and placed in an indirect liquid cooling system based on
a serpentine channel. A section is heated to cause thermal runaway, and the effect of indirect
liquid cooling on thermal runaway propagation at different flow rates (0 L/h, 32 L/h, 64 L/h,
and 96 L/h) is analyzed. The experimental results showed that the thermal management
system could prevent the spread of thermal runaway, but the influence of a lower flow rate
on thermal runaway was not obvious. Only when the flow rate is 96 L/h can the spread of
thermal runaway be effectively suppressed.

In addition, the combination of PCM and liquid cooling can also be used to suppress
the propagation of thermal runaway. In this aspect, Zhang et al. [164] proposed a BTMS
with a combination of PCM and liquid cooling (Figure 24a). The results show that this
hybrid cooling method can fully meet the heat dissipation requirements under extreme
conditions and effectively prevent the spread of thermal runaway. However, the PCM with
high thermal conductivity may accelerate thermal runaway propagation, which requires
a balance between thermal performance during battery operation and thermal runaway
propagation. Subsequently, the author proposed a BTMS composed of non-uniform thermal
conductivity PCM and auxiliary liquid cooling (Figure 24b). The PCM with different
thermal conductivity was filled around the battery. High-thermal-conductivity PCM
(HPCM) was used for battery cooling, and low thermal conductivity PCM (LPCM) was
used to slow down the propagation of thermal runaway. Finally, indirect liquid cooling
transfers the heat absorbed by PCM to the external environment [165]. They pointed out
that this hybrid cooling can meet the needs of system heat dissipation without reducing
the energy density of the system, and control the thermal runaway in a specific direction
and range to reduce the harm of thermal runaway. Indirect liquid cooling can play a role
in managing the thermal runaway of the battery to a certain extent and can slow down
the rapid spread of thermal runaway in the battery pack. However, conductive fluid is
often used in indirect liquid cooling. Once thermal runaway occurs, it may lead to leakage
caused by the rupture of a liquid pipeline, causing greater safety problems.
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Many of the cooling media used in immersion cooling can act as flame retardants in
addition to being non-conductive, which can act as a barrier to increase system safety [54].
Patil et al. [5] proposed a BTMS based on dielectric fluid and tab cooling, which immersed
the battery directly in the dielectric fluid to simulate the thermal runaway caused by the
internal short circuit caused by the battery. The results show that this cooling method
can effectively manage the thermal runaway of the battery pack. In addition to single-
phase immersion cooling, immersion cooling based on two-phase liquids also shows
excellent management of thermal runaway. Li et al. [166] designed a direct liquid cooling
system based on fluorocarbons and studied the ability of five coolants to suppress the
thermal runaway of the battery. There was no thermal runaway in the liquid cooling
experiment, indicating that the battery immersed in fluorocarbons can effectively prevent or
suppress thermal runaway. Additionally, they noted that since the battery and coolant are in
constant contact, direct liquid cooling requires good material compatibility in applications.
Studies have shown that immersion cooling has a prominent effect on the control of
thermal runaway of the battery, especially based on two-phase cooling fluids, which can
make full use of the latent heat of evaporation to control the temperature of the battery
within a lower range, thus avoiding thermal runaway caused by excessive temperature.
Although immersion cooling has these advantages, there are few studies on the effect of
immersion cooling on thermal runaway, mainly focusing on some thermal runaway caused
by mechanical abuse and thermal abuse, while electrical abuse has not been studied.

6. Future Developments of Liquid Cooling System

Compared with other cooling, liquid cooling is a promising cooling method. Through
the summary and analysis of the above literature, the future development trends of liquid
cooling are summarized, and the key problems to be solved are put forward.

As the most easily accessible medium, water has a wide range of applications in indi-
rect liquid cooling. Although the addition of glycol can expand the applicable temperature
range of the BTMS, it is difficult to meet the heat dissipation requirements of the battery
under fast charging conditions. Nanoparticles and liquid metals can significantly improve
thermal conductivity and become ideal candidate materials for BTMSs. Compared with
water cooling systems, BTMSs based on nanofluid and liquid metal are able to keep the
battery temperature in a much lower range and show excellent cooling performance under
extreme conditions. However, the density of the coolant will increase with the addition
of nanoparticles, resulting in a larger pressure drop when the liquid flows, which also
puts forward higher requirements for the performance of the pump. A key issue for the
nanofluid is the preparation of a stable fluid that avoids the occurrence of particle settling
and clogging. In order to improve the cooling efficiency by using nanofluids in the future
liquid cooling systems, this problem needs to be solved.

Compared with indirect liquid cooling, the single-phase oil immersion cooling system
is really a more efficient way. Currently, a major problem in the single-phase oil immersion
cooling system is the large energy consumption, which is due to the relatively high viscosity
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of the oil. At the same flow rate, it will consume more pumping power, resulting in
increased energy consumption [43]. There is a limitation of cooling capacity in oil-immersed
cooling systems, and energy consumption can be reduced by selecting the appropriate
flow rate, but it is not easy to choose the best flow rate for different working conditions
and systems. Two-phase immersion cooling is a very effective cooling method. It shows
superior heat absorption capacity in the boiling process. Especially, the battery can reduce
the temperature of the battery to an acceptable range under fast charging. However, it
should be noted that the boiling liquid is expensive and easy to volatilize, which will
increase the structural complexity of the entire system and limit its application in electric
vehicles [126]. As the driving range and output of electric vehicles increase, a more efficient
thermal management system is needed. If these problems can be solved, immersion cooling
based on boiling liquid will be a preferred cooling method for high-energy-density batteries.

Electric vehicles should not only consider the cooling performance of the BTMS, but
also control the overall cost. For the liquid cooling, the number of channels and the coolant
flow rate play a major role in the cooling performance. A higher flow rate is beneficial to
achieve a better temperature distribution of the battery, but this will increase the energy
consumption and operating cost of the system. For the cold plate design, the complexity
of the system will become larger as the number of channels increases, which will not only
make it more difficult to manufacture the system, but also discourage maintenance. In
the future thermal management system, the system coupled with liquid cooling and PCM
seems to be a better way, because PCM does not need additional energy consumption, and
the liquid cooling system can cool the PCM to avoid the PCM completely melting and
failing. With the addition of PCM, the problem of uneven temperature distribution in liquid
cooling systems can be improved, and the energy consumption of the system can also be
reduced [167]. The system combining PCM and liquid cooling also offers the advantages
of compactness, longer service life, and lower maintenance cost [168]. In addition, this
composite thermal management system demonstrates good preheating performance at low
temperatures. However, it is worth noting that the composite cooling system of immersion
cooling and PCM has not been studied at present, which may be due to the high sealing
requirement of the system and the volume change of PCM. In summary, the composite
system of liquid cooling combined with PCM is a BTMS with low energy consumption and
a good cooling effect.

The preheating function of the system should also be considered in the future liquid
cooling research. In the study of battery preheating, although liquid preheating technology
has been applied in electric vehicles, it is still a challenge to preheat batteries efficiently
and safely. For the external heating technology, the heating method and heat transfer
path should be considered, and the parameters can be continuously optimized through
numerical simulation, so as to reduce the heat loss and improve the preheating efficiency
of the system.

7. Summary and Prospects

According to the above research, liquid cooling is a very efficient thermal management
technique that can control the temperature and temperature difference of the battery within
an acceptable range. This paper reviews the literature on direct and indirect liquid cooling
for BTMSs. The coolant commonly used in indirect liquid cooling is water or a water/glycol
mixture, and has been commercialized in the field of electric vehicles. However, the cooling
effect of water is limited, and the cooling performance and efficiency of BTMSs can be
improved by adding nanoparticles. Liquid metal has the advantages of low viscosity
and good thermal conductivity, which can replace water to meet the heat dissipation
requirements under some extreme conditions. In addition, the cooling performance of
BTMSs can be improved by changing the flow channel design and system structure, but
the pressure drop, weight, and cost of the system need to be paid attention to.

The single-phase oil has been used more frequently for direct liquid cooling. However,
when increasing the flow rate, care should be taken to balance the cooling effect and energy
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consumption. The two-phase immersion cooling liquid exhibits an excellent cooling effect,
and the boiling point of the liquid can be reduced by changing the pressure, thereby increas-
ing the cooling efficiency of the system. Based on this review, some research weaknesses in
direct liquid cooling have been identified. Esters have been applied in transformers, but
there is no in-depth study in battery thermal management. Therefore, the feasibility of
esters as coolants for direct liquid cooling can be explored, as well as esters that can replace
transformer oil. On the other hand, the contact time between the battery and the coolant
in direct liquid cooling is long, and material compatibility between the two needs to be
considered. At the same time, few articles have studied the effect of immersion cooling on
battery performance and thermal runaway.

The composite system of liquid cooling combined with other cooling methods can meet
thermal management requirements under different conditions, especially in fast-charging or
high-temperature environments. In the development of electric vehicles, the compactness
and lightweightness of the battery system have always been concerned. However, liquid
cooling brings additional integration challenges that need to be carefully considered when
designing a BTMS. In summary, although liquid cooling still has these research gaps and
challenges, it is still a promising BTMS.
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