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Abstract
Received 10" May 2024 Rechargeable Li-ion batteries (LIBs) have considerably advanced in
Revised 26™ May 2024 enabling electric vehicles compared to other battery chemistries, e.g.,
Accepted 27" May 2024 lead acid. However, a key challenge in LIB technology is the

appropriate thermal management of battery cells, which is essential for
ensuring battery safety, e.g., avoiding battery explosion or thermal
runway events and maximizing the battery's life. The battery thermal
management system (BTMS) controls individual cells’ temperature,
keeping them in the allowable range. This paper reviews the different
kinds of BTMS, such as air, liquid, phase change material, heat pipe,
and thermoelectric element cooling. In addition, hybrid systems that
combine two or more cooling methods compare these technologies with
power consumption methods (i.e., active or passive cooling) and state
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systems, Ph_ase Chf';lnge _ the advantages and disadvantages of each technology. Moreover, it
Material, Air Cooling, Electric | focused on the cooling technologies considered for commercial use,
vehicle. i.e., if the automotive suppliers utilize them for experimental and

theoretical studies. Most importantly, it identified several critical gaps
that need further exploration, summarized BTMS technologies, and
pinpointed directions of future work that would help researchers
enhance the design of BTMS and their suitability for commercial
purposes.

1. Introduction

Storage of energy in batteries for electric power vehicles (EVs), allowing for high mileage, high
power, and fast charging, has been one of the most critical challenges in recent decades [1]. By
improving the storage capacity and power capabilities of rechargeable Li-ion batteries (LIBs), EVs
would develop faster than conventional internal combustion engine vehicles. They have become more
widespread due to their zero-emission, high efficiency, and environmental friendliness. [2, 3]. EVs
of today rely on LIB technology. LIB was first developed during the 1970s-1980s, and commencing
with the 1990s, it was commercialized by Sony[4]. One of the important commercialization events
was the partnership between the Japanese company Panasonic and the American EV company Tesla.
This strategic partnership presented the world's first successful EV based on LIB technology,
allowing more EV models to be developed and car makers to join this race. The global battery market
for electric vehicles anticipates an exponential growth of the international light-duty electric vehicle
(EV) fleet from 10 million units in 2021 to 124-199 million EVs in 2030. On the governmental
level[5], many governments worldwide have started to adopt EV technology and gradually ban ICE-
based vehicles [6]. Consequently, our modern transportation system will heavily rely on EV
technology. With the rapid increase of EVs, the thermal management of LIB modules has become
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more crucial. Due to the high energy content stored in LIB modules, the abuse of batteries may result
in explosions and fires. For example, in 2018 in California, a Tesla Model S started to smoke while
parked in the street, and flames began shooting out from under it. In Canada in 2019, a Kona E.V.
caught on fire while parked in a garage, and the car was not plugged in. The fire caused an explosion
and damage to the structure. Also, in Florida in 2020, a Porsche Taycan was completely burned while
parking in a garage [7].In Michigan in 2023, An electric Ford F-150 Lightning caught fire due to a
battery issue traced back to one of the automaker’s suppliers. The blaze spread to two other electric
pickups in a holding lot of Fords[8]. An example of a damaged EV and its LIB module is shown in
Fig.1[9]. An efficient thermal management system for battery packs can help mitigate such accidents.
Consequently, a sheer volume of research is conducted on the different possible technologies for the
thermal management of battery packs. This article will review several battery thermal management
technologies adopted to give the reader comprehensive knowledge. It begins by providing a
background on LIB technology. Then, we discuss the thermal behavior of LIBs and briefly introduce
the role of BMTS in achieving the thermal requirement of battery cells. Then, experimental and
theoretical studies performed on each BTM technology will be reviewed and summarized in Tables.
Finally, we provide our outlook on the remaining directions that must be considered in future studies.
Among those is the development of BTMS for batteries subjected to high ambient temperatures.

1.1 Background on Li-ion batteries

Li-ion batteries offer a higher power and energy density than lead-acid, nickel-cadmium (Ni-Cd), and
nickel-metal-hydride (Ni-MH). Fig.2 compares various batteries' energy densities, showing that Li-
ion batteries have the highest practical energy density (90-200 Wh/kg) [2, 10]. Due to this fact, we
note from Fig.3 that several car makers have adopted LIB technology for their EVs, and the energy
density has kept increasing over the years. While the energy density highlighted in Fig. 3 is for the
pack level, improving the energy density usually starts from the battery cell level through the advance
in developing and optimizing battery materials (i.e., anode, cathode, and electrolyte) [11]. The
working principle of LIBs is demonstrated in Fig.4. LIB cell is composed of a negative porous
electrode (anode), a positive porous electrode (cathode), a polymeric porous separator sandwiched
between the two electrodes, an electrolyte that fills up the entire porous volume of the cell, and current
collectors. The anode is commonly made of carbon; graphite is commercially popular. The cathode
is a lithium-containing compound typically chosen from a spinel structure, a polyanion, or a layered
oxide, such as lithium cobalt oxide (LiCoO2) or lithium iron phosphate (LiFePO4). (e.g., lithium
manganese oxide — LiMn2O4). Lithium salt solution in a non-aqueous solvent, such as ethylene
carbonate or diethyl carbonate, serves as the electrolyte. Usually, the current collector for the negative
electrode is made of copper (Cu) and a positive electrode with aluminum (Al)

Fig 1. An electric Ford F-150 Lightning caught fire [9]
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Fig.2. Various battery types’ theoretical and practical energy densities [2, 10].
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Fig .3. Energy density at the pack level for different BEVs [11].

During discharge and charge, lithium ions (Li*) flow transversely from the anode to the cathode
through the electrolyte and vice versa. [12]. The electrochemical reactions occurring at the anode and

cathode, presented here for graphite and LiMn2Oa, respectively, are:

discharge
LiXCG C6 + XLi+ + xe™

charge
discharge
Liy_xMn,04 + xLi* + xe” LiyMn,0,

charge

L}

Cathode

L]

Anode

Fig. 4. A schematic shows the LIB cell's working principle [13]

Electrolyte
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The LIB cell comes in three standard formats: cylindrical, prismatic, and pouch (see Fig.5). Each
structure’s critical characteristics are reported in Table.1

Table 1 The difference between the properties of the three types of battery.

Cylindrical cell Prismatic cell Pouch cell

o Small size (e.g., 18650 type e Hard casing. e Soft casing.
(2 18 mm, H 650mm). e Large size. e Largesize.
e Hard casing. e High individual cell capacity. | ¢ High individual cell capacity.
e Low individual cell capacity. e Geometrical deformation
e Built-in safety features. during discharging.
e Comparably cheap.

As shown in Fig.6, The single cells are connected in parallel and series configurations to form a
battery module to achieve an electrical load's voltage and current requirements (e.g., a motor of an
E.V.). The several modules can also be configured to form a battery pack (see Fig 6). As a result, the
single battery pack of an EV can contain hundreds or thousands of battery cells (depending on the
cell format, capacity per cell, etc.).

Cell Module

—=
i
Panasonic 69 cells per 'brick’ 11 'sheets'/modules,
18650 cylindrical cell 9 'bricks' per 'sheet’/module 6831 cylindrical cells
AESC cell 4 cells per module 48 modules, 192 prismatic cells Nissan Leaf

Fig. 6. Lithium-ion battery cell-, module-, and pack-level demonstrated by two-vehicle
examples: Tesla Roadster and Nissan Leaf [12]
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From the thermal management perspective, heat is generated in the single cell during the charging
and discharging process due to the electrochemical reactions inside the cell. With the close packing
of battery cells in modules and the pack, the amount of heat generated would be significant, making
the existence of BTMSs inevitable. In the following two subsections, we discuss the thermal behavior
of LIBs and briefly introduce BTMS.

1.2 Thermal Behavior of Lithium-ion Batteries

The temperature has a significant effect on the performance and safety of LIBs. Regarding
performance, it is paramount for all cells in the battery pack not to exceed a maximum temperature
limit, i.e., 45 °C. In addition, the maximum temperature difference within the single cell and between
the different cells in a module should not exceed 5 °C [13]. Satisfying these strict conditions is
essential to get the best performance of the batteries and prolong the battery lifetime. Regarding
safety, exceeding the maximum temperature limit of the single battery cell causes a significant safety
hazard and can lead to a process known as thermal runaway. Fig.7 illustrates the mechanisms of the
thermal runaway process. When the battery cell is charged for the first time, some of the electrolytes
react with free Li-ions near the electrode surface and form a thin film called the solid electrolyte
interphase (SEI) layer [14]. This film is impervious to electrons but allows for the transport of lithium
ions [15, 16]. At high temperatures, e.g., 85 °C, the SEI film decomposes and generates heat [13, 15].
If such generated heat is not removed from the battery cell, the battery self-heats at a rate greater than
0.2 °C/min, initiating the thermal runaway process. When the battery cell temperature becomes more
significant than 140 °C, the second phase of the cell meltdown process is commenced, and t. The start
of exothermic activity at the cathode causes oxygen to be released from the cathode to the electrolyte.
The battery cell further heats up at approximately five °C/min. When the temperature reaches more
than 180 °C, oxidization of the electrolyte occurs as the cathode decomposes. Self-heating rates for
this phase are 11 °C/min, but they can increase to 100 °C/min. To avoid such catastrophic events,
BTMS are used, as introduced in the following subsection.

ANODE (CARBON)
1. Heating starts. iﬁ
2. Protective layer breaks PROTECTIVE LAYER
down: 2 A
[
3. Electrolyte breaks down 6’ ‘ '. ELECTROLYTE
into flammable gases. (& (lithium salt
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4. Separator melts, possibly [) solvent)
causing a short circuit. ..‘ ’
‘ SEPARATOR
5. Cathode breaks down, Q’

generating oxygen.

1’ CATHODE (LITHIUM METAL OXIDE)

Fig. 7. Thermal runaway process concerning cell temperature [13]

2. The Battery Thermal Management Systems (BTMS)

The battery thermal management system is the mechanism that keeps the battery in a safe
operating temperature range at all times, preventing thermal runaway and battery deterioration.
Because BTMS is a critical part of the EV, many review papers are on the topic. Interestingly, each
paper is reviewed from a different point of view. For instance, the study conducted by Shashank et
al., Yasin salami et al. [17, 18], and Shankar et al. [19] focused on classifying BTMS as an active or
passive system. BTMS is considered an active system if it includes power-consuming equipment like
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pumps and blowers. Otherwise, it is classified as a passive system. The reviews made by Yang et al.
[20], Franck.[21] , Xinghui et al. [22], Pranjali et al. [23], Guodong et al. [24], Vima et al. [25], and
Azri et al. [26] focused on classifying the BTMS according to the medium of cooling. Specifically,
they classified the cooling technologies as air, liquid, phase change material, heat pipe, and
thermoelectric element cooling. Jaewan et al. [27] classified the studies of BTMS according to the
thermal cycle used in the BTMS. Specifically, they classified the BTMS into vapor compression
cycles (VCC) or those without VCC. Liange He et al. [28] reviewed the research status and
development trend of TMS types, control strategies, and air conditioning system refrigerants of
BEVs. The above two aspects of elaboration and analysis indicate that BTMS will develop functional
integration, structural modularity, control intelligence, and green efficiency. Jiling et al. [29] and
Xinghui et al. [22] classified the studies of BTMS according to heating LIB at low-temperature
conditions or cooling LIB at high-temperature conditions. Jiayuan et al. [2], Weixiong et al. [9],
Elham et al. [30], Rezwan et al. [31], and Huagiang et al. [32] focused their review on the numerical
studies performed on BTMS. Specifically, their review discussed the thermal, electrochemical-
thermal, electro-thermal, electrical equivalent models and the thermal runaway propagation models.
The electrochemical-thermal models model the electrochemical processes inside the battery,
including electrochemical heat generation. The thermal model gives the temperature distribution
inside battery cells, and the electro-thermal models represent the batteries as equivalent electrical
circuits whose circuit elements are temperature-dependent. The thermal runaway propagation models
can predict thermal runaway propagation within a large-format lithium-ion battery module. Gang et
al. [33] reviewed the studies of air-cooled and air-hybrid thermal management techniques. The
reviews aim to provide helpful directions towards designing and enhancing air-cooled hybrid BTMS
by improving the Battery pack design, Cooling channel, inlet, outlet improvement, thermally
conductive material improvement, and secondary channel improvement. Omer et al. [34] review
experimental and simulation studies of liquid coolant batteries. The review papers summarize the
recent papers on battery liquid-cooling systems, including battery pack design, the classification of
the liquid-cooling system, and coolant performance. Furthermore, it discusses factors such as the
properties and applications of different liquid coolants under the types of liquid-cooling systems.
Moreover, it investigates the effect of temperature on the battery's performance. Monu et al. [35],
Murali et al. [36], and Ziye Lin et al. [37] review BTMS studies that use PCM as cooling with other
methods of cooling. The reviews aim to study the performances of the PCM-based BTMS and the
thermal properties of some PCMs whose thermal properties are suitable for use in LIBs, like the
temperature of phase change, phase change enthalpy, and thermal conductivity. Dinesh et al. [38],
Choudharia et al., and Wei Zhou et al. [39, 40] review the heat generation mechanism and the
Thermal Behaviors and Management Systems for Supercapacitors and its effect on each battery cell
component with various BTMS. Chunyu et al. [41] review the studies of BTMS, which uses a hybrid
cooling system with two cooling methods. Furthermore, they compared the advantages of the hybrid
system with other types of BTMS by analyzing its efficiency, cost, and other aspects.As indicated
above, there are many reviews and studies on BTMs. Each review focused on some aspect. Thus, a
review that combines the critical parts from all such reviews is needed. Consequently, this review
will summarize the critical points and highlights of most of the past reviews and individuals studied
and presented in a table format and highlight the critical advance in each BTM technology. Moreover,
it identifies gaps in the literature and introduces our outlook on what needs additional focus from
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researchers in this important field.Consequently, this review will provide accessible, comprehensive
access to new researchers in the BTM field, where they get a good summary of the past development
and an introduction to potential future directions in the field. Despite such rich review articles in the
literature, the scope of reviews still needs more concentration on the studies of some effective
parameters. The most examples of these parameters are the economic efficiency of energy
consumption, the lightweight design of BTMS, and the effect of environmental conditions on BTMS.
The high ambient temperature, which needs a self-adaptive intelligent control system, should be
established to improve the temperature distribution of the battery. In the following subsections,
several BTMS with the advantages and disadvantages of each is discussed. In addition, a summary
of the discussion is provided as a table for the reader to quickly grasp each study's essential highlights.

2.1 Air Cooling

Air cooling systems use air as the heat transfer medium. These systems can be classified as
passive or active (see Fig. 8. In the passive system, the intake air could be introduced from the
atmosphere or the cabin. In the active systems, the air used for battery cooling is conditioned air
coming after an evaporator of the air conditioner used in the E.V. [29]. We note that both systems are
forced systems, where a blower is used to introduce the air to batteries.

Passive System
Active System

- © =
E ENVS T
-

Fig. 8. Air systems (passive and active) [29]

The air-cooling system is characterized by having a simple structure and a cheap setup. On the other
hand, it is limited by the low thermal conductivity of air, limited control, and high space requirements.
For these reasons, air cooling is used commercially in a small energy capacity electric vehicle or low
ambient temperature zones. Fig.9 shows examples of E.V.s that use air cooling, i.e., Honda Insight
(left) and Toyota Highlander (right).
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Fig. 9. Air cooling systems demonstrated by Honda Insight [8] and Toyota's Highlander [29]

2.1.1 Air Cooling Numerical and Experimental Studies
Several studies have been undertaken to develop efficient air-cooling BTMS. For instance, in 2017,
Chen et al. [42] performed a structure optimization of a parallel air-cooled BTMS with U-type flow
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to improve cooling efficiency. They studied the influence of the operating parameters, including air
flow rate, modes, patterns, and flow passage. Their numerical results show that the widths of the inlet
and the outlet with a 5C discharge rate process can improve the cooling efficiency of the BTMS,
reduce the temperature difference by 70% after optimization, and reduce the power consumption by
32%. Features of their design are shown in Fig.10.
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Fig. 10. Schematic parallel air-cooled BTMS with U-type flow[42]

Sihui Hong et al.[43] designed a flow configuration for a parallel air-cooled BTMS with a
secondary vent (see Fig.11) . Their results showed that the position of the secondary vent
strongly reduces the maximum temperature by 5 degrees or more. Compared to the
BTMS without a vent, the battery cells' maximum temperature differential is decreased by
60% or more.
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Fig. 11. Schematic parallel air-cooled BTMS with secondary vent [43]
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Yugian Fan et al.[44] experimentally studied the thermal management performance of air cooling
systems (see Fig.12). Their research included the effect of studying different air inlet velocities, the
discharge rate, and air inlet temperature. It was found that the temperature uniformity is improved
when the air inlet temperature changes from 20°C to 30°C, and the maximum temperature difference
is reduced by 12% at air velocity 0.6m/s and 20% at 1m/s when the discharge rate is 1C. Heesung et
al. [45] designed an air-cooled battery system and numerically studied airflow designs to satisfy the
required thermal specifications. It was found that the maximum temperatures of the battery cells
directly depend on the airflow rates passing through the coolant passages. As seen in Fig.13(a), the
maximum temperature is calculated to be 127 °C due to the gradual decrease in airflow rates at the
coolant passages. At the same time, the expansion-shaped manifold in Fig.13(b) causes the maximum
temperature to rise to 201.9 °C. In Fig.13(c), the improved airflow distribution by employing a
manifold induces a lower maximum temperature of 91.2°C, which is still beyond the thermal design
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Fig.12. Schematic of the air-cooling experimental apparatus[44].

specification. As displayed in Fig.13(d), the maximum temperature of a battery cell is reduced to 61.9
°C due to the improved airflow distribution in the coolant passages than before. Finally, as displayed
in Fig.13(e), the maximum temperature is 58.2°C which satisfies the thermal design specification.
Thomas et al. [46] presented a mathematical model to investigate and design a BTMS (see Fig.14).
The numerical method used the heat transfer model considering the horizontal position of the battery
cells on the battery pack and the dynamic behavior of the battery of the electric vehicle. It was found
that the increased airflow had a less significant impact on both the maximum temperature and the
temperature uniformity of the model. When doubling the airflow, the maximum temperature dropped
by only 0.7 «C compared to 1.85 °C in the sectioned model. Similarly, the maximum temperature
difference in the battery segment is reduced by 0.2 °C compared to 0.85 °C in the proposed model.
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Fig. 13. Geometric configurations of the manifolds: (a) type I, (b) type I, (c) type 111, (d) type
1V, (e) type V; curved arrows indicate air streamlines [45].
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Fig 14. the heat transfer coefficient on the cells' surface (a) with visible battery segment
housing and (b) with hidden battery segment housing [46].

Chanyang Kim et al. [47] Evaluated a Spoiler Model Based on Air Cooling on Lithium-lon Battery
Pack Temperature Uniformity (see Fig.15). The results show that the spoiler model reduces the
maximum battery temperature by (about) 16% and effectively improves the temperature distribution
of the battery cell by (nearly) 65% when compared with a conventional cooling method without a
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Fig 15. Configurations of the battery pack system: (a) front view; (b) top view of Z-type
model; (c) top view of the spoiler-type model [47].

spoiler. Chenyang Yang et al. [48] presented Structure optimization of air cooling battery thermal
management system based on lithium-ion battery two common BTMSs, the Z-type BTMS (the
BTMS 1) and the U-type BTMS (the BTMS I11). The two structures are proposed, where the spoiler
is installed at the air inlet manifold of the two initial BTMSs. By studying three structural parameters
(i.e., the spoiler length L, the spoiler height H, and the offset distance of spoiler S) of two structures,
two optimal BTMSs corresponding to them are obtained, respectively. Calculations were conducted
at the inlet velocity of 3.5 m/s. The results demonstrate that after optimization, the maximum
temperature (Tmax) and the maximum temperature difference (ATmax) of the BTMS IlI-opt are
327.43 K and 3.64 K, respectively, decreased by 2.56 K and 3.44 K (48.61%), compared with the
BTMS I. Meanwhile, compared with the BTMS II, Tmax and ATmax of the BTMS IV-opt are 326.29
K and 1.19 K, respectively, decreased by 2.79 K and 4.98 K (80.68%).

Table 2 summarizes examples of the studied modules, including design, specification, structure
pictures, and operating conditions, and reports the related thermal results.

Fig. 16 Geometric model of four BTMSs [48].

2.2 Liquid Cooling

Liquid-based BTMS uses liquids, e.g., water-ethylene glycol mixture, as the heat transfer
medium. Liquid cooling systems are usually classified based on the contact type between the coolant
and the battery surface (direct or indirect) or the power consumption method (passive or active
cooling). In direct-contact cooling, the coolant and battery cells are in direct contact, as shown in
Fig.16, where a battery module is submerged in mineral water. On the other hand, indirect-contact
cooling techniques employ an intermediate medium between the coolant and battery cells. For
instance, discrete tubing around each module, adhering the battery modules to cooling plates, or
combining the battery module with cooling fins and scales, see Fig.17. Cold plates are one of indirect
cooling systems' most commonly used methods. In such a cooling method, a plate with cooling
channels is inserted between battery cells, and the coolant flows through the channels of the cold
plate. The advantage of this method is that it minimizes the risk associated with leakage compared to
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Table 2 Summary examples of studies on air cooling in Li-ion batteries [2]

Module Operating
Author Specification condition
cell LIB
(Year) Battery capacity Load Tigb
(Ah) c-rate C)
Kai Chen | Parallel air-cooled with U- 20
[42][2017] type flow for cooling pouch 2.2 5 27
efficiency improvement v cells
o . ] . wplenem : 24
Sihui Hong | parallel air-cooled with a G i
[43] [2018] secondary vent g IDIDID ~ LR EhE p:elﬁ;h 22 ° 27
V=0.5
Yuqian Fan a(;o deF;::ggt V=1
[44][2019] - V=2 = it T 2 2 | 25
air inlet _ LIBs
. V=3 o =
velocities V=4 "
Heesung design of airflow 72
[45][2019] configuration LIBs 375 ° 40
Thomas a horizontal position of 20
[46][2021] the battery cells on the LIBs 3.3 3c 30
battery pack
spoiler-type model:
Chanyang | (a) inside the model. 7
Kim (b) assembled battery module. 3.6 3c 19
[49][2022] (c) outside the model. L1Bs
(d) with the spoiler at the inlet.
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Fig. 17 Passive liquid cooling by immersing [29]
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Fig. 19. Cooling circuits (a). active liquid cooling with one loop, (b) active liquid cooling with

two loops [29]

direct cooling methods. Usually, liquid cooling is of the active type, i.e., it requires a pump to
circulate the fluid. Fig.18 shows the two hydraulic circuits commonly associated with active liquid
cooling. In panel (a), there is one loop, and a radiator is used as a heat sink for cooling; the pump
circulates fluid within a closed system. As illustrated in Fig.18 (b), active liquid cooling uses two
loops; the primary loop is like the loop used in the previous system, and The secondary loop is an air
conditioning loop. As inferred from the previous discussion, liquid cooling has a more complicated
structure than air cooling. However, the higher ability of liquid cooling to dissipate heat and achieve
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Fig .21 Liquid cooling systems demonstrated by chevy volt [50]

higher temperature uniformity, compared to air cooling, encouraged E.V. companies to adopt liquid
cooling in their E.V.s. Figs 19 and 20 show the liquid cooling system adopted by Tesla model-S, X,
and Chevy Volt, respectively.

2.2.1 Liquid Cooling Numerical and Experimental Studies

Several studies have been undertaken to develop liquid and DRS cooling systems. In 2018, Tao Deng
et al. [51] experimentally and numerically studied the effect of the structural parameters, including
several channels on the cold plate, which had a serpentine-channel configuration. Their numerical
simulation included a study of five channels and a two-channel cold plate. Interestingly (see
Fig.21a,21b), the five-channel design gave the most efficient cooling performance. It could reduce
the maximum temperature by 7 degrees and the temperature difference by 3.5 degrees compared with
the two channels. Jiagiang et al. [52] performed a theoretical study to analyze the influence of some
parameters on the liquid-cooled battery model: width, height, velocity, and the number of channels
(seenin Fig.22). An orthogonal array L16(44) is selected to design sixteen models to factors affecting
the maximum temperature and temperature difference. The results show that the number of channels
has the most apparent effect on the temperature of the cooling plate (maximum temperature was
decreased by 5 degrees). The velocity of the coolant comes in second place (maximum temperature
was reduced by 2.5 degrees). At the same time, the pipe height was found to have a minimal effect
(maximum temperature was decreased by one degree).
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Fig. 22. The model of cold plate [51].
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Fig. 24. Schematic of the simulated lithium-ion battery module geometry and the numerical mesh [53].

Chunrong Zhao et al. [53] experimentally studied the cooling of 71 batteries/modules by a jacket of
liquid and the influence of the operating parameters, which include channel liquid flow and depth of
charge (see fig.23). Their result shows that increasing the liquid flow rate conditions (e.g., the inflow
velocity is 0.5 m/s and the fluid inflow temperature is 25°C) can significantly control the maximum
temperature below 35°C and improves the temperature uniformity 1°C in the battery module even
when the battery module is under high C-rate (5C) discharge/charge operations. Malik et al. [54]
studied the influence of using a cold plate at 10°C, 20°C, 30°C, and 40°C coolant temperatures to
obtain thermal and electrical parameters for cooling a Li-ion battery pack containing three 20Ah
LiFePO4 prismatic cells connected in series and tested under constant current discharge rates 1C,2C,
3C and 4C, (see fig.24). The results show that the battery temperature can be kept within the required
range at all four discharge rates. The discharge capacity of the battery increases with increasing
coolant temperature to achieve 19.11 Ah at a one °C discharge rate with the coolant at 40°C. Huat
Sawa et al. [55] designed a new system of the cooling mechanism by mist cooling for a battery
module consisting of six cells arranged in a circular pattern (see fig.25) with a voltage of a single cell
of 3.2 V. Therefore, the total voltage of a battery module is 19.2 V. Experimental results of bulk inlet
mass flow rate with 3% mist loading fractions are found to be sufficient to maintain the maximum
surface temperature of the battery below 40 °C. The battery temperature variation is less than 5°C
for a 3 C-rate of charging.

Fig. 25. Test bench for experiments expanded view of the battery pack [54].
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Fig. 26. (a) Boundary conditions of the test rig. (b) Boundary conditions of the battery module [55].
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Siqi et al. [56] experimentally studied a liquid cooling-based cooling structure equipped with mini
channels and arranged the coolant flow rates at different cooling stages(see Fig. 26). Appropriate
cooling achieves the thermal objectives. It reduces energy consumption through the coolant flow rate
in the cooling process under different discharging current rates, maintaining the maximum
temperature of the battery module. The energy consumption of the liquid is controlled within 3.5°C
and 40 J, respectively.

(A)

utlet

Fig.27. The cooling plate has mini channels [56].

Tao Deng et al. [57] analyzed The effects of mass flow, cold plate number, cooling direction, and
channel distribution on the battery pack's thermal properties. (See Fig.27). The results showed that
one g/s was suitable for heat dissipation at the mass flow of liquid. At the same time, the maximum
temperatures of the battery pack were 27.67 °C and 32.17°C at discharge rates of 3C and 5C,
respectively.

Fig. 28. The model of the battery pack [57].

Haitao et al. [58] experimentally Studied cooling by pipes inside a jacket of liquid and the influence
of the operating parameters, which consider the impact of the cooling method (parallel and serial
cooling) and coolant flow rate on the thermal behavior of the battery module. (see Fig 28). The
findings demonstrate that lowering the temperature substantially boosted coolant flow uniformity to
maximum temperature and improved the battery module in a particular flow range. Increasing the
flow rate of the cooling water does not appear to improve the cooling effect when the flow rate is
increased at a particular amount. Compared with serial cooling, parallel cooling can promote the
temperature uniformity of the battery module. Furthermore, the designed flow direction layout can
control the maximum temperature to 35.74 °C with a temperature different from 4.1°C

i - N
Parallel cooling

R
!

Fig. 29. Schematic diagram of the BTMS of battery module: (a) serial cooling, (b) parallel cooling [58]

Jan Bohacek et al. [59] experimentally studied a liquid-cooling system with polymeric hollow fibers
(91 mm) embedded inside; a plastic heat exchanger is proposed for BTMS of LIB, the competitive
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thermal performance, and the corresponding dimensions are advantageously more minor (see
Fig.29). the result showed that with the coolant inlet temperature of 20 °C and the C-rate of 1 C, the
maximum temperature of the cell’s during cycling was between 26 °C and 22 °C in the given range
of flow rates (5—45 ml/min). Temperature spreads were 10°C and 4°C.

Li-ion cells 18650 /@
go into slots

j 8 \
inlet

Fig. 30. A polymer heat exchanger with hollow fibers as coolant channels [59]

Table 3 Summarize the studies modules with design Figures, specifications, and operating conditions
on liquid cooling in Li-ion batteries and compare the related thermal results.

2.3 Phase change material cooling

PCMs have been widely used in energy storage and cooling heat surfaces like processors and battery
processes. In these materials, the phase change can be between solid and liquid phases (e.qg., paraffin)
or between the liquid and vapor phases (e.g., refrigerants). The working principle of PCMs, as applied
in battery cooling technology, is illustrated in Fig.30. When a PCM is subjected to large amounts of
heat, the PCM first experiences an increase in its temperature. Above a specific temperature, a phase-
change process occurs at a constant temperature, and the absorbed heat is stored as latent heat. When
a complete change of phase occurs (e.g., all solid paraffin is converted to liquid), the temperature of
PCM increases. In the application of BTMS, battery cells are the heat source, and PCMs absorb the
dissipated heat from the cells.

2.3.1 Liquid/Vapor PCM (Direct Refrigerants Cooling (DRC))

The direct refrigerant system uses an A/C loop for cooling, which uses refrigerant directly as heat
transfer fluid circulating through the battery pack. Refrigeration cooling is the modified battery
cooling system in which the selected refrigerant is a phase change material that boils to produce vapor
and cools the battery packs. R134a is the commonly studied refrigerant for refrigeration cooling. The
systematic layout is illustrated in Fig.31. The DRC technique mainly depends on ambient
temperature, limiting its application to commercial EVs. This system needs more power
consumption, as illustrated in Fig.32. Vehicle examples prefer direct refrigerant cooling, like the
Mercedes S400 and AUDI A6 [60, 61]
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Table 3 Summary of studies on liquid cooling in Li-ion batteries.

Module Specification Opergt_lng
condition
cell Batter
Li-ion . y load | Tinlet
Battery capacity (c- | (°C)
(Al rate)
the effect of cooling 2-Ch
channel number on a 3-ch ST
: 4-ch LIBs 10 Ah 5C 30
cold plate with
. 5-ch 3.2V
serpentine-channel
6-ch
Width 40
Higlht_S
Velocity 20
analyze the influence of char?hgllnoz rectangular
four parameters on LIBs 15Ah 3c 27
BTMS Width 55 3.2V
Hight 6
Velocity 0.7
channel no5
0.1m/s
- ) 71) 25
channel liquid flow Discharge (
depth of charge 0.5m/s Haesttype | Ao 2
charge LIBs 27
i . (3) series
oo s e | pEEE
femperatures 300 Mhegr—= LiFePO4 | 20Ah 4c 40
and current rate 40c pncséﬂit'c
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@ Coryile esee ()
m«npquhmn Copper rod Noaslip wall-Boundary
. . . e : (6) LIBs
koot Ramard | phosrete | 324 | % |
0 g LU batteries
experimental investigation liquid LIBs soft- 0.5c
cooling with mini channels cold plate pack 8-Ah 1c 25
and arrange the coolant flow rates battery cell 1.5¢c
(4) series
analyzed the effects of mass flow, 20Ah 3c
cold plate  number, channel LiFePO4 10Ah 25
T o . . 5c
distribution, and cooling direction prismatic
cells
The 3D model of the battery module (20)
was established and meshed by using 18650-type | 2.2 Ah 3c 30
ANSYS
LIBs
software package
A plastic heat exchanger was (25)
introduced to be used in battery 18650-type | 2.2Ah 1C 20
modules of electric vehicles. LIBs
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Heating without PCM

Cell Temperature

Heating with PCM

Melting

Fig.31. the working of PCM on battery cells [29]

,
@ ]

COND/EVAP

Fig.32. direct refrigerant system [29]

Fig. 33. Two-vehicle examples demonstrate DRS cooling systems:
Audi and Mercedes s400 [60, 61]

2.3.2 Direct Refrigerants Cooling Experimental and Simulation Studies

DRS cooling has become the new research interest for cooling lithium-ion batteries. In 2017, Maan
Al-Zareer et al. [62] presented research on refrigeration-based BTMS by varying the refrigerant and
battery pack arrangements and developing a three-dimensional electrochemical thermal model. In the
proposed system, the batteries are submerged partially in saturated liquid propane that cools the
battery by absorbing the thermal energy generated by the battery. This phenomenon causes boiling,
producing a vapor that cools the remaining part of the battery (See Fig.33). The result showed that
when the propane covers the battery length, 30% keeps the temperature below 34°C.

........

Fig. 34. Schematic diagram of the battery thermal management system[62].
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Maan Al-Zareer [63] et al. studied a model's performance of ammonia boiling-based BTMS.
Ammonia-based hybrid electric vehicles are within the optimum operating range (see Fig.34). The
system is simulated for a 4C discharging and charging cycle for 600 s. The proposed method results
are promising, as it can maintain the maximum temperature of the battery below 33°C when only 5%
of the front battery surface is covered with a boiling ammonia pool.

Fig. 35. Schematic of (a) dimensions of the prismatic battery, (b) the battery pack integrated
with the proposed ammonia-based cooling system [63]

Seong Ho Hong et al. [64] presented a study of a novel direct two-phase cooling using R-134
refrigerant over a conventional liquid cooling (see Fig.35). The two-phase refrigerant cooling
satisfies the maximum cell temperature limit of 45 °C even under harsh environmental conditions.
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Refrigerant loop

Fig. 36. Schematics of direct two-phase refrigerant cooling [64].

2.3.3 Solid / Liquid PCM

Three main PCM types are commonly used for Solid / Liquid PCM, which are organic,
inorganic, and eutectic materials. Particular attention is paid to the thermophysical properties of these
materials, i.e., density, thermal conductivity, specific heat, and latent heat. For instance, matching the
melting point of PCMs and the allowable maximum cell temperature is an important consideration.
A PCM with a melting temperature below 45°C and a desirable maximum temperature below 50°C
is preferred to provide efficient heat dissipation and better temperature uniformity among battery
cells. [65].Typically, PCM has poor heat conductivity. Therefore, additives can be used to increase
thermal conductivity. PCM should have a high latent heat per unit mass and thermal cycle life, low
density, be safe and chemically stable, and be non-toxic and inert to other battery components. Table
10 shows the most suitable PCM properties with appropriate additives; PCM is always combined
with different cooling methods like air or liquid cooling systems to enhance the battery
temperature[35].

2.3.4 Solid / Liquid PCM Cooling Simulation and Experimental Studies.

Several studies have been undertaken to develop PCM cooling (BTMS) systems for an instant. In
2008, Kizilel et al. [67] numerically Studied using PCM at a high ambient temperature of 45 °C and
discharge rate of 2.08C-rate (10 A). The PCM (Graphite matrix) was drilled with holes of 18.2 mm
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diameter. LIB cells with 2.4Ah capacities were placed(see Fig.36). The results showed that the
temperature difference along the pack with PCM was only 4 °C, and the pack with PCM was kept
below 45 °C at all times, which is preferred for Li-ion cells.

Table 4 shows the most suitable PCM properties with appropriate additives [66].

PCM/the(rVn\wlz;lrlnc&r)lductlwty Paraffin/0.2 RT-42 paraffin/0.2 Inorganic eutectic/0.47
Melting point (°C) 23 43 39-45
Density (solid) (kg/m3) 900 910 1420-1470
Density (liquid)(kg/m3) 760 765 1442-1670
Specific heat (solid) 21 21 11-2.1

(kd/kg K)
Additives thermal Graphite Expanded graphite/ Carbon fiber
conductivity (W/m K) 4-100 175-200
Composites thermal 70 16.6 0.45-1.8
conductivity (W/m K)
Ratio of composite (%Wt) 35 26.6 8-12
_ Latent heat of PCM 136/179 185/250 180/195
without/with additives (kJ/kg)

Battery Pack in PCM-Composite Matrix P
V-

’7 L 1

L.

" Thermocouples

Fig. 37. Schematic of the experimental setup (not scaled) [67].

Sijie Zhang et al. [68] studied the inorganic sodium polyacrylate hydrogel (PAAS) as PCM in BTM
(see Fig.37). This material is usually used in the medical field. Their results for 4S1P and 5S1P
battery modules proved the effectiveness of using this hydrogel BTMS in lowering the temperature
under 36°C and the temperature difference during operation under 6°C.

Fig. 38. Schematic illustration of the model battery pack with hydrogel TMS [68]

Charles et al. [69] experimentally studied the paraffin wax for cooling the li-ion battery (see Fig.38).
The results showed that the PCM battery management system improves the temperature uniformity
during its melting, i.e., the temperature difference was limited to 1.8 °C. In addition, the maximum
temperature did not exceed 28°C.
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Fig. 39. Experimental setup of the semi-passive BTMS [69].

Z.G. Qu et al. [70] Experimentally Studied adding paraffine wax with copper foam. Fig.39, the
batteries connected in series were fixed in a glass cage. Each N-type thermocouple was glued to the
center of each battery. The surface temperature of the battery was measured at a discharge rate of 1C
in isothermal mode. The initial discharge temperature was 28.5 C, and data were tracked every 30 s.
The result showed that the structure improves the strength of the PCM during its melting with a
maximum temperature under 58°C.

" Thermocouples|

Fig. 40 Surface temperature of the battery at 1C discharge tested by ARC in adiabatic mode [70].

Rui Zhao et al. [71] Optimized a phase change material (PCM) based BTMS was proposed by
replacing the hollow mandrel in a cylindrical battery with a PCM-filled mandrel tested on a fabricated
steel cell. (See Fig.40) The numerical results showed that the PCM cores could effectively alleviate
the temperature rise inside the battery pack and uniform temperature distribution as the PCM core
radius increases to 3.8 mm. The peak temperature of the battery module can be managed below 50
°C, and the maximum temperature difference can be maintained within 2°C under natural convection.

b) Schematic of a hybrid cooling design for the battery pack[71].

Ping Ping et al. [72] experimentally Studied PCM cooled modules with fin structure (see Fig
41). The results showed that PCM with fin structure BTMS design enhanced the thermal
performance and kept the battery's maximum temperature at less than 51°C at a relatively high
discharge rate of 3C. Yantong et al. [73] Experimentally Studied composite phase change materials
(C-PCMs) paraffine wax with expanded graphite (EX) used to improve the properties of cooling. The
radiuses of the PCM unit in different conditions are identified (R=48,50,15,52mm) (see Fig.42). The
results indicate that the proposed optimization method is effective, the system kept of maximum
temperature under 70°C and temperature different under 3.4°C.
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R. Ziyuan et al. [74], Xiaoming et al. [75], and Fereshteh et al. [76] studied adding paraffine wax
with carbon fiber to improve the properties of cooling(see Fig.43). The results showed that the PCM
thermal conductivity was enhanced by adding carbon fiber and the development of maximum
temperatures under 55°C,48°C, and 57.2°C, respectively.

=)

)

Fig. 44. (a) the battery with pure paraffin and (b) the battery with CF/PCM [74].

Deqiu et al. [77] studied C-PCM Paraffin wax using graphene and carbon nanotubes (see Fig.44).
The results showed that the composite PCM at the multi-walled carbon nanotube carbon nanotubes
(MWCNT)/ graphene mass ratio of 3/7 could enhancement heat transfer effect. The thermal
conductivity was increased by 124% compared to graphene PCM, resulting in a maximum
temperature under 55°C. Table.5 Summarize the study modules with design Figures, specifications,
and operating conditions using PCM cooling Li-ion batteries.

Fig. 45. Preparation process of composite PCM [77].
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Table 5 Summary of Studies on Direct Refrigerant Cooling in Li-ion Batteries.

- Operating
Description condition

battery
Battery capacity load Tfmb
(c-rate) 0
75C. | 25

10Ah
10 prismatic cells
P 4c 25
2c 25
33
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Table 6 Summary of studies on solid/liqguid PCM cooling in Li-ion batteries.

Design description Cc)gr?(;?ttiigr?
Meltin | pattery
PCM TYPE Picture ey | g | o | T
capacity point (c-rate)
PCM at high current and 42
ambient temperature 10Ah 2.08c | 45
45C
water based PAAS (sodium 4S1P 3 10A 30
polyacrylate) hydrogel BTMS Ah
paraffin wax (Rubitherm RT28 20 i 43-
HC) 300V A5¢ 3c 26
28 A
square
composite paraffin with copper LIBs i
foam @8V, 10 | 4°49%| 3¢ | 30
Ah)
: Blank
composite % 0.32
paraffin wax '
' %0.46 145Ah | 42-49 | 2w 22
with carbon 0
fibers %0.56
%0.69
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. -without sy Gy s =
composite araffine _% P A5.
paraffin with . - T 10 Ah 5c 35
copper foam [Vt e | s
PP copper foam m—l
Mo~ g, - B Bl
Replacing the hollow mandrel in S—
a cylindrical battery with a 2.6Ah 27-44 | 1.92c | 24
PCM-filled mandrel,
w/out fins 10Ah
paraffin wax 2 mm Five
with a fin 1.5mm prismatic | 43c 3c 40
structure 1 mm cells
0.5mm
composite R=48 3c
paraffin with R=50 4 2.8c
expanded R=51 electrical 44c 2.5¢c 25
graphite with R=52 heaters 2.4c
different radius
paraffin | -PCSEU-2 (casel) S¢C
with -PCSEU-2 (case2) N 35- 4c
copper | -PCSEU-1 (case3) - A 38c 3c e
foamed [-PCSEU-1 (case4) !,_E : 2c
Paraffin wax | Paraffin
using graphene | 0:7%graphene -
and carbon 6%&2&'}:36 44 2c | 15
nanotubes +0.8%(CNT)
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2.4 Heat Pipe Cooling

The heat pipe (H.P.) has been widely used for thermal cooling in many fields in recent decades,
such as solar energy collectors, central processing units (CPUs), micro projectors, laser generators,
and spacecraft [78]. An HP is a two-phase heat transfer component and consists of three segments:
evaporator, condenser, and adiabatic section. The heat is transferred from the evaporator to the
condenser. A BTMS integrated with H.P. is a cooling solution for heat control of LIBs in E.V.s. As
illustrated in Fig.45, the heat pipe is an envelope under a partial vacuum. The capillary structure is
made of sintered copper powder. Working fluid on the evaporator side will absorb heat and become
vapor lower than 100°C due to low pressure; on the condenser, vapor will dissipate heat to the
surroundings and become liquid again. In a typical HP-based BTMS, the evaporator is attached to
the battery surface to reduce heat transfer resistance.

In contrast, the condenser is coupled with cooling media to enhance heat dissipation[79]. As
illustrated in Fig.46 and according to their working principles, H.P. can be categorized as the flat heat
pipe (FHP), tubular heat pipe (THP), oscillating heat pipe (OHP or PHP), or loop heat pipe (LHP).
Choosing the working fluids is dependent on the operating temperature of heat pipes. According to
the working temperature of LIB, potential functional fluids for HP-based BTMSs are between 20°C
-140°C. Other factors, such as latent heat, specific heat, and capacity surface tension, should also be
considered when choosing an adequate working fluid. The advantages include lightweight, high heat
transfer efficiency, flexibility, easy installation, and low cost [80].

T =5 Vapor 11111111
353538 . o _}/)/")
L A ———

| ATTTETLE, s 222 22 2 1

Fig. 46. Structure of the heat pipe [13]
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Fan

(@)
Fig.47 (a) FHP (b) OHP (C) THP (d) LHP [79]

2.4.1 Heat Pipe Cooling Simulation and Experimental Studies.

Heat Pipe cooled LIBs are usually combined with other types of cooling in BTMSs.For example, Rui
Zhao et al. [81] experimentally studied heat pipe BTMS with the wet cooling method for LIBs to
enhance the cooling temperature during high-rate operations. The BTMS used a thin heat pipe to
transfer the heat from the battery to the cooling ends, where the evaporation process can rapidly
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vertical heat pipes with cooling fan, ¢) heat pipes in a thermostat water bath, and d)horizontal heat
pipes with a wet cooling system [81].

dissipate the heat (see Fig.47). The result showed that the cooling integrated HP BTMS was effective
in cooling through series tests. With a 3 Ah battery pack, the maximum temperature elevations during
all C-rate discharges are below 4°C. The temperature difference is below 1.5 C.Z.Y. Jiang et al. [82]
numerically studied heat pipe coupled with phase change material during discharge—charge cycle for
cooling(see Fig.48). The numerical and experimental results in the discharge process are monitored.
The maximum temperature deviation is 0.8 °C.

Copper Plate

\ Battery
Heat Pipe

Fig. 49. Schematic of the thermal management module [82].

Wangyu Liu et al. [83] Experimentally investigated the thermal management of cylindrical Li-ion
battery packs based on a vapor chamber combined with a fin structure (see Fig.49). The results show
that the vapor chamber can decrease the temperature rise and improve the uniformity of temperature
distribution within the battery pack. The result showed a complete discharging at the maximum
temperatures of 43.89 °C, 52.75 °C, and 66.34 °C at the discharge rates of 2°C,3°C, and 5°C,
respectively. The temperature difference after completely discharging is 5.3 °C, 6.8 °C, 8.5 °C at the
discharge rates of 2°C, 3°C, and 5°C, respectively. After cooling the maximum temperatures reduced
by 7.79 °C, 11.16 °C, and 16.21 °C, the temperature differences reduced by 3.7 °C, 4.1 °C, and 3.2
°C at the discharge rates of 2°C, 3°C, and 5°C, respectively.

a)

heat conducting silicone the'oid

ndenser
(length=20 mm or 30 mm)

Battery ce

Fig. 50. The vapor chamber BTM system demonstration: (a) structure size for the
BTM system; (b) constituent elements for the BTM system[83].

Tang Wei et al. [84] studied research done on BTMS's Sensitivity Analysis with a Reciprocating
Cooling Technique and a Flat Heat Pipe. To reduce the battery module's temperature uniformity (see
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Fig.50). The outcome shows that the reciprocating cooling technique may enhance the BTMS's
temperature performance. The heat transfer performance of the flat H.P. could transfer the heat of
the battery cells to the liquid, resulting in a maximum temperature rise under s 3.46 °C and a
temperature difference of 2°C.

T T”iﬂ

:C:hl i

A

Fig 51. Relative position relationship and dimension parameters of each model component [84].

Nan Mei et al. [85] also analyzed the Heat Dissipation on the Flat Heat Pipe Coupled with a Liquid
Cooling System of a Lithium-lon Battery (see Fig.51). It showed the effectiveness of balanced
performance. Even if the maximum temperature difference inside the power battery system is
significant, the uniformity of the temperature distribution of the power battery system is still good—
the result of a maximum temperature under 32 °C and a temperature difference of 5.8°C. Table.7
Summarize the studies modules with design Figures, specifications, and operating conditions using
heat pipe for cooling in Li-ion batteries.

Fig .52. Lithium-ion battery system 3D model [85].

Hamidreza Behi et al . [86] experimentally studied a heat pipe sandwiched configuration cooling
system (SHCS) combined with air cooling with a value of 8c current discharging rate (see Fig.52).
The results indicate that the maximum temperature in natural convection reaches 56.8 °C. Forced
convection for the cell under 37.8 °C reduces the cell temperature compared with natural air cooling
by up to 33.4%.

T\

Fig. 53. The battery cell embedded with ASHCS in the presence of forced convection and
natural convection [86]
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Table 7 Summary of studies on heat pipe cooling in Li-ion batteries.

L Operating
Battery Description condition
capacity | Load | Tamb
type (Ah) | crate | (°C)
Ambient
heat pipe with HP Four prismatic
Wetpccrn)olin HP, fan batteries in 8Ah 2C 25
9 | HP. bath series (4S1P)
H.P., wet
heat pipe and phase change orismatic LIE oA y "
material
i ' (28) 2c
vapor chamber combined with - S0 o )
a fin structure
LIBs 5¢c
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Flat Heat Pipe in Combination
with a Reciprocating Cooling

Method Reciprocating Pg:trt];?tlc 60Ah 2C 20
Cooling Strategy Combined y
with a Flat Heat Pipe
Liquid Cooling | 700 I/h Sq#zrr::;he"
with a Flat 750 I/h Lithium}l’on 38Ah | 3¢ | 20
Heat Pipe 800 I/h Battery
Flat Heat pipe with Prismatic LIB 8Ah 8c 22

air-cooled system
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2.5 Thermo-Electric Module Cooling (TEC)

As shown in Fig.53, the Thermoelectric cooling was mainly composed of a series of P-type
and N-type thermoelements, the elements connected using a metal conductor [87]. TEC forms cold
and hot sides as the current passes through the unit and the energy transfers through the circuit [16].
The outside is attached to the battery and needs to be cooled. The hot side is connected to the
dissipating device, as illustrated in Fig.54. The TEC cooling system is always combined with other
types of cooling like PCM, liquid, and H.P. cooling.

C old Side :
Metal conductor > Ceramics

N lhcrmo.-clcmruu |P H VHPHNI I PHVI P thermo-clement
Ceramics Metal conductor
Hm Side

Fig.54. The thermoelectrlc cooling (TEC) structure.

EEEEEEEE

Fig.55. thermoelectric cooling/heating system [29]

2.5.1 Thermo-Electric Module Simulation and Experimental Studies

Studies have been undertaken to develop Thermo-electric Module systems. Like H.P. cooling, TEC-
cooled LIBs are usually combined with other types of cooling in BTMSs. In 2018, Chuan-Wei Zhang
et al. [88] Studied the BTMS Based on a Thermoelectric Effect. The liquid cooling unit contains a
thermoelectric chip. It is designed for a battery cell. The effects of inlet velocity on the heat exchanger
were studied (see Fig.55). The results showed that the U loop structure is more reasonable. When the
inlet velocity is 1.0 m/s, the flow field distribution is uniform, and the maximum temperature of the
battery could be lowered to 18°C because of the integrated thermoelectric cooling system's more
even temperature distribution.

.............

(a) (b) ()

Fig 56. Three- models. Models with a single battery, water, and thermoelectric cooling
[88].

Chuan et al. [89] Study of BTMS Using Composite Phase Change Materials and a Thermoelectric
Cooling Sheet for a Power Battery Pack (see Fig.56). the result found that combining CPCM with
semiconductor refrigeration technology can control the maximum temperature of the battery surface
within 45°C, and the temperature difference is contained within 4°C. You Lyu et al. [90]
experimentally enhanced BTMS with thermoelectric cooling. The BTMS is a combination of forced
air cooling, thermoelectric cooling, and liquid cooling. (See Fig.57). The experiment showed that the
battery surface temperature drops from 43°C to 12°C when 12 V is supplied to the TEC and 40°C to
the heater module.
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Fig. 57. Thermal management schematic diagram of a thermoelectric combined with CPCM [89].
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Fig. 58. Schematic illustration of the single used unit of TEC system for BTMS [90].

Sarawut et al. [91] Experimentally investigated thermoelectric cooling combined with a
thermoelectric ferrofluid cooling module and the Effects of the relevant parameters: hot and cold side
flow rates (0.03-0.05 m3/hr.). Supplied voltage through thermoelectric (8-12 V) (see Fig.58). It is
found that the TEC system affects the battery pack cooling and gives the battery temperature below
30°C. Three °C decreased the maximum temperature of the average battery cell temperature to 5°C,
and the obtained maximum temperature difference is below 3°C.

FIG .59 Details of A, the battery pack. B, the temperature battery measurement positions. C
is the position of the vertical temperature battery measurement, and D is the place of the
coolant temperature measurement flowing through the battery pack [91].

b)
Fig. 60. a) Ilustration of the coolant flow path, b) Structure of the TEC sub-system [92]

You Lyu et al. [92] Experimentally investigated thermoelectric cooling for a battery pack design in
a copper holder and Solid-state thermoelectric refrigeration with H.P. systems (see Fig. 59) . The
battery pack temperature reached under 60 °C during a discharge condition with a 50 V input,
considered an extreme condition for battery operation.

Table 8 Summarize the studies modules with design Figures, specifications, and operating conditions
using a Thermo-electric Module for cooling in Li-ion batteries.
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Table 8 Summary of Studies Thermo-electric Module Cooling in Li-ion Batteries.

Module Specification Oper?t.mg
condition
Battery Thermo- Battery
capacity | electric Module load
(Ah) Voltage(v) c-rate
control procedure 20Ah 12 3c
Test platform. 3.6/100Ah 15.2 3c
Experiment setup
of the proposed 10Ah 12 6C
system.
Details of the 6Ah 8-12 3c
the battery cooling
module
Schematic
present_atlon of an 6AN 10 30005
overview of the
experiment setup
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2.6 Hybrid BTMS Cooling Systems

A hybrid BTMS is a combination of two or more BTMSs. Different BTMSs have their
advantages and disadvantages. The hybrid BTMS system can combine these advantages and reach
better thermal performance. Otherwise, hybrid BTMS may involve some problems with volume, ease
of use, weight, energy consumption, cost, and maintenance. Hybrid BTMS methods adopt different
basic methods designed to meet E.V.s' requirements. TEC and heat pipe cooling methods are usually
combined with other types of cooling to enhance the properties, as mentioned before.

=

Fig. 61 hybrid cooling channel design [94].

Kirduct mkt
i ductoullel| |

2.6.1 Hybrid BTMS Cooling Systems Simulation and Experimental Studies

For example, several studies have been undertaken to benefit from the advantages of hybrid
air, liquid, and PCM cooling systems. In 2018, Yuyang Wei et al. [94] experimentally studied the
design of a simple air-cooling duct that enhanced water vaporization by convection to achieve
adequate cooling (see Fig.60) . The result showed that hybrid cooling decreased the maximum surface
temperature from 55°C to only 30.5°C (73.5% reduction). The temperature uniformity decreased
from 13.5°C to only 2.1°C (85.7% reduction) in non-uniformity.
Peng Qin et al. [95] studied integrated PCM hybrid cooling systems design optimized with forced
air ( see Fig.61) . The results showed that PCM's thermal performance under the hybrid mode is
superior to that under the only PCM mode, with the influence of maximum temperature under 50°C
and temperature different of 5°C.

3. fan 4. Battery pack

¥

Fig. 62. describes the proposed BTMS [95].

Many types of research have been experimentally and simulated studied to enhance the PCM with
liquid cooling system [96-114] due to its better thermal properties and more efficient cooling, for
example. Fengxian Wang[111] presented an experimental and numerical study based on simulative
investigations on a commercial organic PCM (OP28E), which was compounded with water to prepare
two nano-emulsions PCM with different concentrations of OP28E, ten wt%, and 20 wt% (see
Fig.62). The results showed that Tmax and Tmax were 1.1°C and 0.8°C lower than those based on
water, respectively, when a 10 wt% OP28E nano-emulsion was utilized with a flow rate of 200 mL
min-1.
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Fig.63. BTMS with OP28E nano-emulsion as coolant [111].

Jiahao Cao et al.[112]presented an experimental and numerical study based on Liquid cooling with
PCM for cylindrical Li-ion batteries(see Fig.63). The result showed that PCM thermo-physical
properties significantly impact battery temperature, especially at high-current discharges. CPCM
(RT44HC) can reduce Tmax from more than 50°C to 44°C and 42°C.

Do

Fig. 64. The battery pack and the cold plate: (a) model diagram of the battery pack; (b) the
battery pack; (c) model diagram of the cold plate [112].

Quantity et al. [113] designed the cooling structure of a LIB coupled liquid cooling with PCM,
focused on the coolant's flow rate and the cooling pipe's position, and investigated their influences
on the operating temperature (see Fig.64). The results showed that a flow rate of 0.09 m/s was utilized
in this system. The maximum temperature deviation was less than 0.25%, comparable to 0.1 m/s.
More heat can be removed by the unit mass coolant when using the appropriately selected flow rate.
Appropriate cross-section selection with PCM can reduce the temperature difference to near 5 K.

1 ,

;i
]
Ridd

Fig.65. Schematic of liquid cooling: (a) layout of pipes of 1P7S battery pack (c) movement of
pipe position [113].

Wen Yang et al. [115] experimentally designed a composite BTMS using mini-channel liquid cooling
and air cooling (see Fig.65). The findings demonstrated that maximum temperature and temperature
differential decrease when water intake flow rate and power consumption increase. When the water
inlet flow rate is 3 x 10—4 kg-s—1, increasing the cooling tube and mini-channel could slightly
improve the cooling performance. The temperature difference would remain within 4.13 °C, and the
maximum temperature would decrease to 31.98°C. Moreover, the extra air cooling at the velocity of
4 m-s—1 could Reduce the maximum temperature, and at 80% DOD, the battery module's temperature
difference decreased by 2.22 °C and 2.04 °C, respectively.
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Fig. 66. Scheme of battery thermal management system [115].

Wen Yang et al. [99] simulated a novel BTMS-like honeycomb. A hexagonal cooling plate with
bionic liquid mini-channel and PCM (see Fig.66). The battery module's maximum temperature and
the temperature difference are stabilized between 39.0 °C and 3.5 °C.
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Fig. 67. Scheme of béttery thermal management system [99].

Zhang et al. [116] studied the hybrid cooling of PCM with liquid cooling to improve the cooling
properties. Fig.67 shows that the proposed BTMS consists of PCM, an aluminum plate, and a water-
cooling channel. PCM and LIBs are designed as simple sandwich structures; both sides of the battery
are covered with PCM to absorb the heat generated by the battery. It found that the maximum
temperature of the battery can be controlled at around 39°C, and the PCM-based BTMS can control
the temperature difference of the battery within one °C. Table.10 Summarizes the studies modules
with design Figures, specifications, and operating conditions for hybrid cooling in Li-ion batteries

(PCM+ air/liquid).
T0mm
o ——
Aluminum
Battery | R
I |—‘ > >
| L
PCM O grnm
Ll S
e I ()
- | .
Aluminum plate | Inlet f \}\ Water channel || L [ ¥

Fig. 68. Schematic of PCM-LIB sandwich structure [116].
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Table 10 Summary of studies on hybrid cooling in Li-ion batteries (PCM+ air/liquid).

L Operating
D .\
escription condition
Li-ion sz:;rg/ ;Cé:\t/ilnznd Battery | Tamb
“C
Battery (Ah) | temperature SRR (°C)
a simple air-
cooling with
water | SRR AT LIBs 5.2 1c 20
vaporization by
convection
forced-air (@) paraffin
convection and 2.6 wax (RT56) 3c 27
PCM 18650 LIBs 60 °C
Liquid cooling (20)
with PCM 18650 LiBs | > ¢ %0
. ) —&=3 expanded
liquid cooling _ i
. (20) graphite
W'Ith (PCM) 18650 LIBs 2.6 (EG) 15¢c 30
using (RSM) a4c
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PCM and LIBs lipid and
optimized (6S4P) expanded
controllable q'ﬂm‘ ’ 21,700 A graphite < <0
. ; (©00000)
liquid cooling Jeo0000] (EG).
Water
10 wt%
P28E
(PCM) ol
. 5S4p nano- 32
nano-emulsions 2.6 Ah )
with enhanced battery pack emulsions 2¢C 30
liquid coolin 10.4 Ah 20 wt% 28
a g OP28E
nano-
emulsions
PCM and
Prismatic Paraffin
Al203/AgO/Cu 9Ah 3c 25
O nanofluids and SEEL B
(a) — = aluminus m
PCM and water- L il (12)
cooling channels LIBs 18650 e A2 < A
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. 5S4P )
composite PCM batter paraffin/expanded
and liquid Y | 65An | graphite €G)high- | 3¢ | 33
cooling 1(§)a4CAh density polyethylene
1P7S 200 W
Water and PCM SR R 3y 296 200w 27
mini-channel 60
liquid cooling LIBs 2 4c 20
and air cooling
mini-channel
liquid cooling 60
2
with PCM and LIBs e 5| €2
air cooling
phase change 36V
material and ba.tter 25Ah 33-37 5¢c 27
liquid cooling y
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3. Outlook Directions for the Future Work

The transportation system will mainly depend on Electric Vehicles in the future. Therefore,
improving Li-ion batteries' power and energy density is the most needed. A proper battery cooling
system is essential to battery performance and life; therefore, BTMS is a hotspot for conducting research.
There are plenty of directions to improve the thermal performance of existing BTMSs. The following is
the most compelling research scope in this area.

3.1 High Ambient Temperature

With the fast-ongoing global warming and increase in atmospheric temperature, EVs of tomorrow
will need to be operated under harsh ambient conditions. Even in regions like the Arabian Gulf, the
ambient temperature changes by more than 2°C to reach more than 45°C in summer (see Fig. 68)[122].
Almost all studies simultaneously start their ambient temperature with a range of 27°C-35°C (see Fig.
69). Many zone temperatures worldwide exceed 45°C. Therefore, there is still a need to study the start
temperature experimentally with more than 45°C and 50°C to simulate using electric vehicles in the hot
zone in the world at the hot weather zone causing overheating and thermal runaway phenomena.

2011-2021 average vs 1956—-1976 baseline
-1.0 -0.5 -0.2 +0.2 +0.5 +1.0 +2.0 +4.0 °C

I—I

-1.8 ~-0.9 -0.4 +0.4 +0.9 +1.8 +3.6 +7.2°F

Fig. 69 Changes in the average surface air temperatures from 2011 to 2021 relative to the
average between 1956 and 1976 [122].
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Fig. 70. Ambient temperature of different cooling studies.

3.2 Battery Packing and Isolation.

Battery packing is critically required to Control ambient battery temperature, vibration, and
pressure to maximize energy capacity. Battery packing maintained ambient temperature with a safe
operation. The vibration frequencies of the battery pack should also be suppressed to avoid resonance.
The scope of the search still needs more experimental and simulative packing studies to maintain the
ambient temperatures under 40°c and prevent the battery from cracking or short welding spots due to
high vibration, causing thermal runaway catastrophic phenomena.
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Fig.72. A robust battery pack with one battery module in each battery pack compartment[123]

3.3 Thermal Runaway (TR).

Thermal runaway is the most severe condition of BTMS. Thermal runaways are still a hotspot
for further research in this area. Many types of research have been published to prevent the battery packs
from going into thermal runaways. Analytical solutions to these problems are too complex; hence,
numerical simulations and experimental studies can be performed along with the experimentations.

3.4 Air and water cooling.

Air and water are the most popular BTMS cooling. And still the only commercialized fluids for EV
batteries. Many designs of BTMS with different airflows are reported in the literature. Similarly, tube
cooling, cold plates, and mini channels are studied for liquid cooling systems. Using different coolant
materials or heat transfer mediums is challenging for any BTMS cooling medium. Water and ethylene
glycol are the coolants that have been studied the most. A new coolant can also be identified for liquid
cooling. Nanoparticles can be added to the fluid to enhance its thermal properties of the fluid.

3.5 Phase Change Materials.

Although PCM is still not applied to any practical EV due to its limitations, many researchers
investigated PCM for BTMS cooling. Limited-service life and leakage problems are the biggest
obstacles to implementing PCM in automotive applications. There is a scope of research to find methods
for enhancing the thermal performance of pure and composite PCMs.

3.6 Heat pipes.

Water and acetone are the most commonly studied coolants for HP cooling systems. Using
Different fluids can enhance thermal performance. HP is mainly studied with prismatic or pouch cells.
The cylindrical battery HP application to cells is worth exploring for future research. Experimentations
and simulations for large battery packs/ modules can be performed for more effective conclusions.

3.7 Cost Minimization.
Cost is an essential parameter for commercial purposes of active and passive BTMSs. Reducing the
battery pack's volume and weight is a vital cost-reduction consideration. Many reviews of research work
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on BTMS studied cost minimization, its advantages and disadvantages, and changes in conventional
systems. Much research is still needed to investigate and develop novel cooling techniques with
minimum cost for better thermal management of Li-ion batteries.

The direction of future work presented in this review will assist the researchers in focusing on enhancing
the conventional BTMS and their improvement for commercial purposes.

4. Conclusion

Excellent control strategies of BTMSs can significantly improve Li-ion batteries' performances, ensure
a long cycle life, and prevent thermal runaway from occurring to enhance thermal performance. The
main contributions of this review paper are as follows:

(1) the characteristics related to the thermal performances of Li-ion batteries were analyzed, and
problems related to heat dissipation in batteries were summarized. Moreover, the thermal
performance stabilities of LIB materials and the thermal hazards, when thermal runaway occurs were
also reviewed.

(2) The currently applied technologies for BTMS cooling were introduced (air cooling- liquid cooling
— direct refrigeration cooling- PCM cooling-heat pipe cooling, and a combination of them). The
merits and demerits of the various cooling methods were analyzed, and many optimization methods
were compared. In addition, BTMS needs to design an appropriate temperature control strategy to
improve the system's performance.

(3) summarized the essential evaluation parameters from previous research, which can be used as
evaluation criteria for BTMS. This will guide the optimization of the design of BTMS from different
points of view and help acquire the most appropriate BTMS. However, many types of research have
been published using various BTMS methods in the last decade. Most of this paper didn't study the
high ambient temperature, which is too essential in the hot zone country which can Cause many
hazard problems and maybe need a different system to cool the ambient temperate of the battery to
the desired input temperature of BTMS, which require more load on the system cause more energy
waste.
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