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 

Abstract— Li-ion batteries are essential component in the current generation of electric vehicles. However, further 
pushing electric vehicles are concerned with battery life. Since the temperature dictates battery lifetime, it is crucial to 
manage the heat and keep the temperature at an acceptable range within the battery pack. The benefit of a cooling system 
is to prevent the premature degradation of battery life. This paper provides a critical review of the so far thermal 
management strategy dealing with temperature within the cells, module, and packs. This paper reviews the advantages 
and disadvantages of state of the art (traditional) thermal cooling system. In this paper, we have reviewed separately cell, 
module, and pack level cooling system. The battery thermal modeling techniques and cooling system design challenges 
are also reviewed. This paper also reviews the future cooling system for future vehicles with rising fast charge rate and 
these techniques can improve the limitations of the traditional cooling system. This paper also suggests the best suitable 
and economically viable technology for the upcoming EVs issues. 

 
Keywords— Thermal management of battery, Li-ion battery, air cooling, cooling with liquid, vapor cooling, next-

generation battery. 

1. INTRODUCTION 

HE transportation sector is now more dependable on electricity than the other fuel operation due to the emerging energy and 

environmental issues. Fossil fuel operated vehicle is not environment friendly as they emit greenhouse gases such as CO2 [1] 

Li-ion batteries are the best power source for electric vehicle (EV) due to comparatively higher energy density and power density, 

higher discharge of voltage, higher gravimetric also volumetric energy density with lower self-discharge rate during calendar-life 

than other existing battery technologies [2, 3]. However, Li-ion batteries also generate heat due to the charging/discharging process 

by electrochemical reaction. If the heat is not managed, this can overheat the battery or lead to possible thermal runaway due to 

exothermic reaction and temperature rise above irreversible incidents [4, 5]. Consequently, battery life will be compromised which 

is not favorable to the EV owner. Hence, battery thermal management is not only essential to maintain a healthy operating range 

but also important to achieve uniformity on temperature distribution for a longer lifetime of a battery pack.  

 

Heat generation is inevitable inside the battery and battery pack. The generated heat will create a temperature rise and thus lead to 

a large temperature difference inside the battery pack. Consequently, it will affect the battery health. If the heat generation left 

untreated, it can lead to not only capacity fade but also a thermal runaway with instability within the packs. Besides, severe 

operating conditions like extreme fast charging and cold climate can accelerate the aging of the battery. The aged battery will 

generate more heat. The permissible temperature for the battery pack is 6℃. Therefore, effective thermal management for a lithium-

ion battery is fundamental to extend its lifetime. 

Several thermal management strategies already exist in the literature. These include active cooling, passive cooling, air-cooling 

with forced convection by air and liquids and solid-liquid phase change materials (PCM), heat pipe cooling, and thermoelectric 
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element cooling. 

This paper critically reviews the generation of heat in the battery, describes the state-of-the-art cooling technology at the cell level, 

module level, pack level, and battery thermal management strategies, cooling system design challenges. This paper describes 1D, 

2D, and 3D modeling of the cooling system, battery degradation challenges, and future cooling strategy. Lastly, this paper 

concludes the current research challenges and outlines future research direction towards effective battery thermal management. 

2. THERMAL ISSUES 

2.1. Heat Generation 

 

    Li-ion batteries are rechargeable batteries and their operating principle is based on electrochemical redox reactions. Heat 

generation inside the battery happens due to the exothermic reactions as well as the ohmic loss in the solid and electrolyte phases 

due to charge transport resulting in temperature rise in the cell. The heating of the cells affect neighboring cells via thermal coupling 

in the module. The heated module also affect neighboring module and thus distributes heat in the pack. This temperature rise is 

also responsible for entropy change, which affects battery performance. An increase in the rate of charge or discharge also causes 

heat energy generation in the battery. The high level of heat generation is detrimental for the battery as well as the passengers in 

terms of safety and reliability. 

 

Generally, in cylindrical type Li-ion batteries the heat energy generation is observed to be maximum at the center of the vertical 

axis of the cylinder, and also heat spreading occurs on the surface. Typical temperature distribution on the cylindrical cell is shown 

in Fig.1[6]. In highly interconnected battery packs cells are prone to generate heat and thermal coupling is strong due to their 

proximity. Therefore, it is important to control temperature rise in the cell and achieve more uniform temperature distribution 

across the module and pack for extending battery lifetime. If the temperature issues left untreated, thermal runaway could occur 

which can lead to explosion or fire causing safety hazards. . In 2018, thermal runaway causes in lithium-ion batteries was 

investigated by Feng et al.[7]. The temperature rise is very dangerous for safety-critical operation. The heat energy generation 

equation can be described   by[8] 

𝑸 =  −𝑰 (𝑻
𝒅𝑬

𝒅𝑻
) +  𝑰(𝑬 − 𝑽)    …………………… (1) 

Where, 

I is the current in A 

I is positive at discharge and vice versa 

T is the temperature in K. 
𝒅𝑬

𝒅𝑻
  is the temperature coefficient also E is the voltage(open circuit). 

 

 
    
Fig. 1. Heat generation at center and surface in cylindrical battery[6] 

 

2.2. Benefits of cooling technology 

 

Lithium-ion batteries have much temperature sensitivity. The optimum range of operating temperature for battery operation is 

close to about 150C to 350C [9]. However, due to high current loading conditions such as fast charging or accelerations, the transient 

battery can experience unacceptable temperature rise. Lithium-ion batteries are usually arranged in the battery pack by series-

parallel configuration. The interconnections of cells contribute to increased resistance which appears as an uneven dynamic load. 

As a result, batteries not only experience non-uniform heat generation rates due to the positioning of cells in the battery pack but 

also have temperature non-uniformity at the charging and discharging period. So the temperature should be controlled to maintain 

the temperature at an acceptable range. To achieve the temperature uniformity at an acceptable range, many conventional Battery 
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Thermal Management (BTM) systems have already been developed. These different systems have different advantages and 

disadvantages. They exploit various cooling strategies. These include air cooling, liquid cooling, phase change materials (PCM) 

cooling, and vapor compression cooling also have mixed cooling.  

           

 By applying appropriate cooling Battery Thermal Management (BTM) system keeps the battery temperature at an acceptable 

range. So, at a higher discharging rate the temperature inside the battery of the Battery Electric Vehicles (BEV) can be maintained 

within a safe thermal limit. . The Liquid cooling system seems more promising in extracting heat more than air cooling. PCM has 

high latent heat however, it has low thermal conductivity. The heat of the battery is usually eliminated with the conduction process, 

convection, and also by radiation into the outside area by those BTM systems [10]. The lifetime, mileage, efficiency, all are heavily 

dependent on temperature. If the battery temperature can be kept at an optimum range by applying those BTM systems, the lifetime, 

efficiency, mileage will be extended. In the future, there will come more high-level vehicles. Thus temperature control is very 

important, and this will bring more challenges to the existing   BTM system. The efficiency of Li-ion batteries depends on the 

operating temperature. It is shown in Fig. 2 [11]. It is worth noting that the maximum power or efficiency occurred at an optimum 

range of temperature starting from 150C to 350C and outside of this range the battery degradation starts to happen. To ensure high 

efficiency and deliver optimum battery power BTM systems must control the temperature.  

 

 
           

 Fig. 2. Battery operating range and efficiency [11] 

 

 

 

 

2.3. State-of-the-art cooling technology 

 

Cooling strategy is highly essential for EV to drive the battery in optimal condition. Overheating is not only responsible for 

decreasing battery performance but also for decreasing the lifetime of the battery. To drive the battery in optimal condition, BTM 

has to meet the following criteria [12].  

 

(i) BMS should maintain the optimum temperature for cells and reject heat in hot climate/ absorb heat in cold weather. 

(ii) Temperature variation should be small between cells and modules and that of different modules. 

(iv) System should be compact, lightweight, reliable, and low cost. 

(v) There should be a ventilation system if hazardous gases generate potentially from a battery. 

The cooling system can be categorized in different ways. Considering medium the cooling system can be classified in [13] 

1. Air cooling 

2. Liquid cooling 

3. PCM cooling 

 

Based on the thermal cycle the cooling system can be divided into two groups [13] 

 

1. BTMS with vapor compression cycle(VCC) 

I. Cabin air cooling 

II. Secondary loop liquid cooling 

III. Direct refrigerant two-phase cooling 

  
2.  BTMS without VCC 
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I. PCM cooling 

II. Heat pipe cooling 

III. Thermo-electric element cooling 

 

According to the power consumption cooling system can be classified into two groups. These include an active cooling system 

and a passive cooling system. Battery performance can also be enhanced by combining two cooling systems. Each system has a 

strategy for cooling. 

Here we will discuss the traditional battery thermal system for cooling [14] 

 

2.3.1. Air Cooling 
 

The air cooling system is commonly used in EV because of its simple operating system. It also requires less equipment. By the 

flow of cold air in the battery pack, the system is cooled. Based on power consumption there is active air cooling which uses pre-

conditioned air from the air conditioner and passive air cooling which uses ambient air [15]. Passive air cooling has less efficiency 

than active air cooling.[4]. The active cooling and passive cooling configuration are shown in Fig.3. [11]. 

 
Fig. 3. Active cooling and passive cooling[11]. 

 
H. Sun et al. [16] experimented reciprocating air concept  (illustrated in Fig.4. [16]), in this experiment an air compressor produces 

the airflow measured by a regulated flow meter. A thermo-regulated bath with a circulator, combined with a heat exchanger, 

controls air inlet temperature. The result shows that the cooling reduces 72% heat (4 °C) and decreases maximum cell temperature 

by 1.5 °C in a time interval of 120 seconds.[4]. The cooling efficiency can further be increased by choosing the right flow pattern 

(Z type, U type). 
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  Fig. 4. Experimental setup of air cooling[16] 
 

Another type of air cooling is a cabin air cooling system in which air is preconditioned by the help of VCC. This system only needs 

some of the additional components, such as a condenser, expansion device, compressor device. There are also tubes for blowing 

the air into batteries by fans  [13]. The cabin air cooling configuration is shown in Fig.5.[13]. J. Cen et al. [1] experimented with 

the cabin air cooling method, and the result shows that maximum temperature difference in the battery module close to 2°C and 

also they used PID control for effective thermal management. 

 
 

   Fig. 5. Cabin air cooling system [13] 
 

Advantages: 

The advantages of air cooling are 

1. It is cheaper 

2. It requires fewer components so does not need enough space 

3. Its installation and maintenance cost is low. 

 

Disadvantages: 

1. Air has a less specific capacity and heat transfer coefficient lower than many other mediums, so the efficiency is less 

than other cooling systems. 

2. It needs much power consumption for the fan. 

3. Outside dust and pollutants also flow with air in the battery pack which may reduce the performance.  

 

Challenges: 

Because of low air heat capacity, small thermal conductivity, and poor average temperature effect between batteries, it is only 

suitable for the low-density battery. Large strings of batteries require large flow channel, which makes the system bulky. An active 

air-cooling system uses fans to increase the heat transfer capacity, but it increases the cost and generates a lot of noise that affects 

passengers' comfort. To improve the performance of air cooling,  effective measures can be taken such as increasing the air volume, 

flow rate, channel size, and optimizing cell position without compromising the space utilization[14]. Porous metal foams can be 

partially or completely added to airflow channels or integrated with the heat sinks to improve the battery performance [17]. 

 

 

2.3.2.  Liquid Cooling 
 

Air cooling is not efficient enough to extract heat. The liquid cooling system is more efficient and can reduce more temperature of 

the battery pack than the air cooling system. It can absorb more heat than air. 

Like a cooling system with air, a liquid-air cooling system can also be divided into active and passive liquid cooling. In a liquid 

cooling system, the heat transfer fluids (HTF) absorbs heat from the battery. Then the heat is transferred to the external air,  which 

is evacuated by the exhaust fan[18]. The active cooling system requires some active components like evaporator, pump, heating 

core, coolant, and sometimes electric heater and fuel heater to transfer heat and heat exchanger devices like liquid/liquid heat 

exchanger. [18]. The active liquid cooling system has a higher efficiency than the passive cooling system. The liquid cooling 

configuration is shown in Fig.6.[19]. 
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Fig. 6. Schematics of active and passive liquid cooling[19] 

 

Based on the contact of the fluid with the surface, the liquid cooling system can be divided into the direct and indirect liquid cooling 

system. In a direct liquid cooling system, the HTF is in direct contact with the battery surface.[15]. High viscosity coolants are 

used as oil. So it needs more power consumption.[4] 

In an indirect liquid cooling system, the liquids are passed through a metal plate with a tube or integrated channel. Generally, low 

viscosity fluids (water, glycol, etc.) are used in this system to transfer heat so it needs less power consumption [15]. Though the 

direct cooling system has more efficiency than indirect cooling, the indirect liquid cooling system is naturally used in EV because 

of its simple implementation. 

The cooling plate and the number of channels and refrigerant flow have a great impact on the cooling system. There are many 

investigations had already been conducted on liquid cooling. In 2020 H. Wang et al. [20] studied the effect of coolant flow rate for 

battery cooling also they study the effect of cooling mode like series cooling, parallel cooling on battery cooling. The result shows 

that increasing flow rate maintains the lower maximum temperature and good temperature uniformity also for their model they 

find a maximum temperature of  35.74 °C and a temperature difference of 4.17 °C. In 2019 Y. Lai et al. [21] found that maximum 

temperature can be maintained within 313 K when the mass flow rate is larger than 1 × 10−4 kg/s at a 5C discharge rate.  

 

 Advantages: 

1. Due to higher specific heat, mass flow rate, and a faster heat transfer rate of liquid it can absorb more heat. 

 

Disadvantages: 

1. The design of this system is complex. 

2. The installation cost is higher than the air cooling system. 

3.  More component needed than air cooling which increases weight and takes more space 

 

Challenges: 

The main challenges of liquid cooling is its complex layout that increases the size and cost and the possibility of leakage. In 

addition, it needs a circulating pump, which requires more space. For active cooling, it also utilizes extra energy.  
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For better cooling, oil, ethyl glycol, and acetone can be used instead of water because they have a better cooling effect [14]. By 

controlling the circulating liquid flow rate in the liquid pump, the energy consumption  can be reduced together with improved 

work efficiency. 

 

 

2.3.3. Phase Change Material Cooling System 
 

PCM based cooling system has widely been used in many industries and engineering level. Both Air and Liquid cooling system 

requires some components which makes the system bulky and take more space. Besides power consumption makes it less efficient. 

Through phase changing, process PCM can absorb or release large amounts of heat energy that serve as latent heat at a certain 

temperature without energy consumption.[13]. Its installation cost is less, and it is non-corrosive and with large latent heat thermal 

management system[15]. 

 

In the PCM cooling system, the cells are directly in contact with PCM so the heat is conducted from cell to PCM. There are also 

plates on the top side and bottom side or right side and left side of the PCM to release the heat energy absorbed by the PCM.[13]. 

Phase change BTMSs are of two types, solid to liquid cooling and liquid to gas/vapor cooling[22]. However, recently the third 

type PCM proposed by C. Xiao et al. in 2020, which is solid to solid phase change material[23]. 

During the charging and discharging phase, a lot of heat is produced. The heat is transferred to PCM due to conduction phenomena. 

PCM material absorbs the heat energy and reaches to melting point temperature. Then the PCM absorbs a lot of latent heat until 

changing its phase at this constant temperature. After the changing phase, the temperature gradually rises. So PCM can absorb a 

lot of heat energy. The heat is transferred back to the cell during the relaxation period so that the optimum temperature can be 

maintained. The PCM cooling configuration with aluminum fins is shown in Fig.7.[24]. 

 

 
 

Fig.7. Configuration of LDPE/EG/paraffin composite PCM material with cells and aluminum fins [24] 

 

 Pure paraffin has been used which is a low-cost material with a large latent heat but it has low thermal conductivity (0.1–0.3 

W/(mK) leakage problem in the molten form[25]. 

 A mixture of two various PCM can solve this problem known as C-PCMs. Researchers showed that phase change temperature of 

expanded perlite composite with 25% and 45% paraffin increases approximately 1 °C  to 1.5 °C   than that of paraffin wax. They 

also retained latent heat and phase change temperature after 100 cooling cycles. They were also stable up to 155°C without 

leakage[26].  A mixture of Paraffin-Expanded Graphite (PA-EG) has good conductivity. So, it is evident from the literature review 

that composite PCMs have higher thermal conductivity than pure PCM.[17] 

Using aluminum foam as thermal insulator also gives good results.[27]. In 2019 A. Verma et al[28] studied the effect of  Capric 

acid as PCM and the result shows that the maximum temperature of the battery was 305 K at 3 mm thickness of PCM layers.  In 

2018 P. Ping et al. [29] have used PCM as a fins structure and the result shows that the system has good thermal efficiency at the 

maximum surface temperature of the battery under 51 °C  and 3C discharge rate. The leakage problem of PCM can be addressed 

by the solid to solid PCM  which is proposed in [23]. In this work, they have used crosslinking polymeric structure as well as 

aliphatic side chains, which was named as polymer PCM. Results show that the maximum temperature as well as the temperature 

difference of the battery modules can be controlled below 45.3oC and 3.1°C respectively at a cycle (charging and discharging). As 

shown in [23], the thermosetting 3D cross-linking structure of polymer PCM can give higher heat tolerance without any leakage  

at 250oC. 

 

Advantages: 
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1. This system does not need many components. Therefore, it is lightweight. It occupies less space than air and liquid 

cooling. 

2. It does not consume any power. 

3. .It is environmentally friendly, has higher efficiency and green characteristics.[14] 

 

Disadvantages: 

1. PCM has low thermal conductivity. 

2. If material completely changes its phase temperature regulation fails and becomes difficult to operate continuously. 

 

Challenges: 

The issues of PCM cooling are its low thermal conductivity and volumetric expansion during phase change. If the melting point 

temperature of the phase change material does not match with that of the battery operating temperature it will be of no use in 

cooling.[17].  

To improve the thermal conductivity of PCM, metal fin, metal or graphite foam could be inserted into the PCM sleeve. In addition, 

adding metal powder, expanded graphite powder, nanoparticles, or nanotubes with PCM can also be considered[14].  

To increase the performance some additives of higher conductivity can be added with PCM like expanded graphite known as 

composite PCM(C-PCM). Other C-PCMs can be added such as Multi-Walled Carbon Nano-Tubes (MWCNT)-graphene. PCM of 

liquid to gas cooling can also be used[17]. 

 

 

2.3.4. Refrigerant Cooling 
 

The refrigerant cooling system functions almost like active liquid cooling, but it needs additional components. [15].  It uses a vapor 

compression cycle that may already exist for the Air-Conditioned system in the vehicle. 

It needs an additional evaporator which is connected parallel with the evaporator of the existing AC of the vehicle. Both the AC 

and refrigerant cooling run by the same VCC. The refrigerant cooling cycle is extended parallel with the existing AC.[13] It not 

only effectively reduces vehicle weight but also achieve high-temperature cooling which improves vehicle specific energy and 

economy.[14]. The refrigerant cooling configuration is shown in Fig.8. [14]. 
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  Fig. 8. Configuration of the refrigerant cooling system[14] 

 

In a refrigerant cooling system a closed refrigeration system is used to pump the refrigerant. The liquid refrigerants absorb heat 

from the battery pack at low pressure and temperature during evaporation and change its phase to vapor. Now, this low-pressure, 

low-temperature vapor is passed through the compressor. The compressor compressed it into a high-temperature, high-pressure 

vapor. Then it is discharged to the condenser by a pump. In the condensing process, the vapor rejects its heat to the surrounding 

and turns into a liquid refrigerant. This liquid refrigerant is expanded by an expansion device and again pumped into the evaporator. 

Different types of refrigerants used in the refrigerant cooling system. There are many investigations had already been conducted 

on refrigerant cooling. In 2018 J. Cen et al. [30] used the vehicle air conditioner system with finned tube heat exchanger for Pack 

type battery cooling. The result shows that it can control temperature rise effectively at a high ambient temperature like 400C. It 

also maintains temperature uniformity and can maintain temperature difference in pack less than 4 °C at discharge rates 0.5 C, 1 

C, and 1.5 C in laboratory. In 2014 P. Kritzer et al. [31] developed a cooling system with CO2 as a refrigerant for controlling the 

thermal runaway. The test was conducted at a 5C high charge rate. They used a 20s pulse of expanded CO2 to reduce the 

temperature from 93°C to -49°C instantly. When the CO2 pulse stops the temperature rises again. The system is used to slow down 

the thermal runaway. 

 

     Advantages: 

1. This system can be integrated with the existing AC system, so only a few extra components are needed. 

2.  Refrigerant side temperature is maintained which can also be used in BTMS. So, in the cooling, it is possible to maintain 

proper and fixed temperature and the temperature is distributed uniformly[13]. 

 

 

 

Disadvantages: 

1. The system needs additional components that increase power consumption. 

2. To run the vehicle in a cold climate it needs to integrate extra heaters or another heat pump system. So, in winter 

application it is difficult to consider in an electrified vehicle application[15]. 

 

Challenges: 

A coiled tube or cold plate is arranged inside the battery pack as an evaporator. It is required that the battery pack has to be air 

protected and condensation water should be avoided during use. Together with the temperature and flow control system, optimizing 

the refrigerant flow control strategy can enhance the performance of the cooling system.[14]. Moreover, direct refrigerant cooling 

is also commonly used to immerse the battery in the saturated liquid refrigerant[32]. For refrigerant cooling multiple cooling 

components are needed such as pump, condenser, evaporator, and valves. A proper choice of refrigerant is also needed otherwise 

cooling system will not be able to cool the battery effectively. Also,  refrigerant cooling on its own cannot maintain high 

performance. So, another cooling system also needs to be added. The requirement of extra cooling system adds design complexity. 

 

 

2.3.5. Heat Pipe Cooling System 
The PCM-based BTMS faces some problems, when it completely melts the volume expands during solidification and also low 

conductivity etc. As a way to eliminate these disadvantages of thermal management of the battery, the researcher have proposed 

an alternative system called heat pipe. This is an upgraded version of PCM based cooling. It has higher thermal conductivity and 

low thermal resistance.[14]. 

In heat pipe cooling there is an evaporator and condenser section that is attached to a closed tube casing and a wick structure. A 

working fluid is inserted into the pipe.[15]. Fig.9. shows the structure of a heat pipe. The evaporator section is engaged with a heat 

source that needs to be cooled (battery pack). HP is operated without power consumption. The working fluids evaporate by 

absorbing latent heat from the battery pack and changes its phase to vapor. 

Then due to the difference in the internal pressure of the container the working fluid moves to the condenser section through the 

adiabatic section. In a condenser, the vapor condenses to liquid by exchanging heat with the surroundings. Sometimes the fluid is 

condensed with the help of an additional cooling medium (air or liquid). Then, via a capillary process, the sudden condensate fluid 

flows back to the evaporator through the wick structure because of capillary action. The heat pipe cooling configuration is shown 

in Fig.10.[33]. There are many investigations had already been performed on heat pipe cooling. In 2020 H. Jouhara et al. [34] 

developed a thermal cooling system with heat pipe for module type (sixteen prismatic lithium-titanate cells) battery. The heat pipe 

(heat mat) is designed for hot and cold climates. They found that maximum cell temperature significantly decreases and temperature 

uniformity is enhanced. The result shows that maximum cell temperature maintains below 28 °C also temperature uniformity 

maintained at ±1 °C in the module. They found that the system can remove 60% generated heat by a heat mat. In 2020 Y. Gan et 

al. [35] proposed a  numerical novel thermal management system with heat pipe cooling. They used wave-shaped aluminum 

sleeves to increase the contact area of the heat pipe. They investigate the effect of coolant flow rate, length of heat pipe condenser 

section also the height of aluminum sleeves for cooling. The result shows that the maximum temperature of the battery pack 
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significantly depends on the coolant flow rate but temperature uniformity depends slightly. They recommended a coolant flow rate 

of 0.5 L⋅min−1 at a 2C discharge rate. The thermal performance can increase by increasing the length of the heat pipe condenser 

section. They found that temperature difference of the battery pack maintain 5 °C above 60mm height of aluminum sleeve. 

 
                            

                                     Fig. 9. Heat pipe structure 

 

 

           
                

                    Fig. 10. Schematic of heat pipe cooling[33] 

 

Advantages: 

1. It has higher thermal conductivity than PCM based cooling 

2. It can decrease the maximum temperature rise without any power consumption. 

3.  It has no moving parts so that the heat pipe is calm and noise-free 

4.  It is highly dependable. 

5. HP cooling is compact, light, and has a flexible structure.  

6.  It requires low maintenance and has an excellent long-cycle life.[15]. 

 

Disadvantages: 

1. HP has low capacity and efficiency and a small contact area. 

2.  Heating the battery could not be achieved effectively. 

 

Challenges: 

Heat pipe has good conductivity but  has a small contact area and a high risk of leakage. It is also relatively expensive because of 

its compact design and fabrication complexities. The use of copper also makes it bulky and expensive. The use of aluminum can 

reduce the cost as well as the weight. 

Flat heat pipe as an effective and low-energy cooling device for Li-ion battery in HEV application has been reported in [36]. It can 

be used in a vertical and horizontal position. 
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Oscillating Heat Pipe (OHP) cooling system is also an effective cooling technique. It consists of a long evaporator section, a short 

condensing section, and serpentine loops with eight turns. Heat transfer performance of the OHP system mainly depends on the 

filling rate of the working fluid. The heating rate is proportional to the optical VF[37]. 

 

 

2.3.6. Thermoelectric element Cooling System 
The thermoelectric module can be used for both heating and cooling purpose. It can convert the electric voltage to temperature 

difference and vice-versa. The applications can be divided into two different groups. One is the thermoelectric generator (TEG) 

which converts heat into electricity. It is used to reduce heat from heat sources that need to be cooled (battery pack). It is based on 

the Seeback effect. Another one is a thermoelectric cooler (TEC) that converts electricity into heat based on the Peltier effect. It is 

served as heating [13]. A single unit of TEC consists of TE legs which are connected electrically in series and thermally in parallel. 

TE legs are of p-type and n-type.  [38]. If a voltage is applied that way the current flows from the N- to P-junction, it refrigerates 

the part of the module in contact with it. The other side of TE is heated. It can serve as heating. Heat sinks and air-cooling media 

are integrated into the system to contain the heat and enhancing the heat rejection, in general. The reverse process of it is an 

exothermic[15]. The thermoelectric element cooling configuration is shown in Fig.11.[39]. There are many investigations had 

done on the thermoelectric element cooling system. In 2019 Y. Lyu et al. [38] proposed a model of thermoelectric cooling with 

forced convection and liquid cooling. They found that the surface temperature of the battery is decreased from 55 ºC to 12 ºC for 

a single cell with copper holder by applying 40V and 12V to the heater and thermoelectric cooler respectively. In 2020 C. Qiu et 

al. [40] proposed a thermoelectric cooling model with a non-constant cross-section base on a numerical investigation. The result 

shows that for non-constant cross-section, cooling capacity and coefficient of performance is enhanced 35.73% and 21.59% 

respectively compared with a constant cross-section. In 2020 C. Selvam et al. [41] proposed a model of thermoelectric cooling 

with PCM using COMSOL Multiphysics. The result shows that there increase the temperature difference between hot and cold 

side. They found that enhancement of thermoelectric cooling are 36.7%, 33.8% and 30% with 0.1 W, 0.15 W and 0.2 W heat inputs 

respectively with 3 mm PCM height.  

 

 
 

Fig. 11. Schematic diagram of the thermoelectric cooling module (TEC)[39]  

 

Advantages: 

1. It has no moving parts and working fluid. 

2.  It is easy to switch between cooling and heating operation[42] 

3. It is small in size and light-weighted. 

 

Disadvantages: 

1. It has not only low conversion efficiency but also the high material cost of thermoelectric elements. 

 

Challenges: 

Lower efficiency of this system makes it incompatible for battery cooling. TEC can provide higher efficiency when used in 

conjuction with other cooling systems. For N-type and P-type systems, higher conductivity materials have to be used. Since 

thermoelectric cooling uses DC current, improper control of current flow will induce heat. In addition, the thermal efficiency of 

TEC is not adequate in comparison to refrigerant cooling. So, there are scopes to improve the design of TEC to increase the thermal 

efficiency. 
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2.4. Cell level cooling strategy 

 

The electric vehicle is operated by battery electricity. For the different operation of different electric vehicles, there are different 

configurations of batteries like cell configuration, module configuration, and pack configuration. For a different type of battery 

configuration, there needs a different type of cooling strategy. Several studies have been carried out for cooling cell type battery. 

Table.1 shows the cell level cooling of Li-ion batteries. In 2018 Wei & Chaab [43] proposed a hybrid model of the thermal 

management system. In their model, they used a simple air cooling duct that can achieve effective cooling also used hydrophilic 

fiber channels with water coolant forced air coolant. Fig.12 [43]shows the configuration. Their result shows a better performance 

for high energy and power density batteries. It decreases the maximum surface temperature from 550C when no-cooling to 30.50C. 

It decreases the temperature difference from 13.50C when no-cooling to 2.10C. To decrease the maximum temperature and increase 

the time to cause thermal runaway in high discharge rate and high energy density battery, Yamada et al proposed a PCM/heat pipe 

combination model in 2017 [44]. In their model the working fluid was water. They have used a heater as a heat generator instead 

of a Li-ion battery. In their model, they found that after the 60s the maximum temperature was 44.30C. They also test the thermal 

runaway and they found it after 708s with a high temperature of 800C. Wang et al. [45] in 2017 has proposed a model for one 

prismatic cell. In their proposed system they used a liquid cooling system with silica plates and copper tubes. They have used 

different discharge rate like 2C, 3C, 5C. They test their experiment by varying silica plate, discharge rate. They found that below 

3C discharging rates the maximum temperature of the cell was 39.10C. They noticed that by increasing the number of the plate and 

also copper tubes the efficiency of their battery thermal management system. In 2018 Wu et al.[46] proposed a BTM system with 

one prismatic cell. In their model, they used PCM combined with expanded graphite by natural convection. They observe the 

battery performance by changing the PCM thickness. They saw that with increasing thickness of the PCM the efficiency increased, 

also by increasing heat transfer coefficient (convective) the efficiency of the BTM system increased. In 2016 Chen et al [47] 

proposed a cooling method with four approaches are air, indirect liquid, direct liquid, fin cooling. They fixed the heat energy 

generation of the battery at 15.7 W with a discharge rate of 2.71C. They found that the air cooling system needs 2 to 3 times greater 

energy to maintain the same average temperature than other methods. Also, indirect liquid cooling keeps minimum-maximum 

temperature rise fin cooling increase 40% more system weight. They say that indirect cooling is better for application. In 2017 

Panchal [48] proposed a model of Li-ion prismatic cell with mini channel cold plate (2 plates) cooling. One plate is situated at the 

top side of the cell and another one is situated at the bottom side of the cell. They noticed that increasing discharge rates also 

increasing operating temperature leads to an increase in the cold plate temperature. 
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Fig. 12. Illustration of the hybrid cooling design. [43] 

 

 

2.5. Module level and Pack level cooling strategy 

Li-ion batteries are a game-changer in materializing electric vehicles. Usually, these vehicles are heavy and thus require high power 

to operate. Currently, batteries are used in electric vehicles via a combination of cell level, module level, and pack level 

configuration. For different types of battery configuration different methods of cooling techniques are required. Cooling strategies 

adopted for batteries at the cell level are described in the previous section. Similar to cell levels, different cooling strategies are 

also for batteries at the module and pack levels. 

 

EV motors need high voltage to operate. So, thousands of cells are needed to provide the required high voltage. To achieve this, 

large number of cells are configured into modules and packs. The module and packs are covered by frames and mechanical systems 

to prevent any externally induced effects and  to ensure a longer life time.  

 

When a large number of cells are connected in a serial and parallel connections and put in a frame, then, that configuration is 

known as a module. In module configuration, cells are connected in a systematic manner to get higher voltage.When a number of 

modules are connected in a systematic manner as per the specifications, then, the configuration is known as a pack configuration. 

The block diagram of the sequence of cells connection are given in Fig. 13. There are some differences between the module and 

the pack. Some cooling challenges of module and packs briefly summarized in Table 2. 

 
Fig.13. The block diagram of the sequence of cells connection. 

       *BMS (Battery Management System) 

 

 

Table 2 Cooling System for Module and Pack 
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Module Pack 

1. A cluster of cells make up a 

module[49]. 

2. A frame to protect them from 

external shocks and waves, 
3. Cooling in module comes from 

the divisional part of main cooling 

system. 
4. Modules are gathered together to 

create large amount of voltage. 

5. In an electric vehicle module 
level battery pack are not directly 

installed. 

6. The structural arrangement of 
battery cells is very important in 

module level battery cooling[50]. 

7. The bus bars in module are thin 
and have less electrical strength. 

8. The cell connectors are used to 

connect the cell. 
9. Air cooling is the simplest 

technique in module level cooling. 

But it has lower thermal co-
efficient and non-uniformity. This 

problem can be minimized by high 

airflow and increasing channel 
size. But it will increase the cost as 

well as complexity 

10. Uneven cell spacing on the 
module affects the temperature 

distribution by air cooling[51] 

11. PCM cooling have low thermal 

conductivity, needs composition of 
materials with PCM to increase 

efficiency. 

12. In liquid cooling the working 

medium needs low melting point 

temperature to nullify the effect of 
liquid to solid phase change of 

working fluid in module , it is also 

for pack.[52] 

1. A cluster of modules make up a 

pack.[49] 

2. A final mechanical frame contain the 

modules under battery management 
system. 

3. The main cooling system is applied 

on pack. 
4. The power source of EVs is pack. 

5. In an electric vehicle battery pack are 

directly installed. 
6. In pack level cooling the arrangement 

of battery module is not so important as 

the cells in module[50]. 

7. The bus bars in pack are thick and 

have high electrical strength. 

8. Module connector are used to 
connect the module. 

9. Final mechanical frame contain the 

sensors, controllers for controlling the 
voltage and current. 

10. Liquid cooling in pack level has 

complex layout as well as it needs more 
space. 

11. PCM cooling in pack has low 

conductivity and volume expansion.  
12. Refrigerant cooling in pack is 

costly. 

13. Heat pipe cooling in pack has low 

contact area. [53] 

14. TEC cooling in pack has low 

efficiency. [53] 

 
 

 

 

 

 

Research have been conducted on module level cooling and pack level cooling. We are going to present it individually. 

In the case of module level cooling, it has been seen that the temperature of the battery should be maintained at the lowest 15°C to 

the highest 35°C[9]. Otherwise, the temperature will affect the lifetime of the battery. To maintain this temperature module-level 

cooling strategy is very important. 

 

For a good long-lasting life of a battery, it is expected to maintain the difference of temperature between the cell’s and  

module less than 5°C[54]. It has been noticed that excessive heat and the distribution of temperature among the battery cells in a 

module is one of the key reasons for the early degradation of battery life. Moreover, it can also be a reason for the failure of battery 

cells [12, 55-57]. 

  

To increase the battery cell’s  life in a module depends mainly on the structure of arranging the battery cells as well as the cooling 

procedure that has been taken to cool the battery module[50]. In a battery module, the cells are arranged very close to each other. 

So the performance of battery cells mostly depends on the operating temperature of a module [58, 59].  

 The module type configuration is shown in Fig.14. [60]. A well-designed cooling strategy is very important to maintain high 

performance in a battery pack. The different mediums can be used for heat transfer.  The medium can be air [58, 61], liquid [62, 

63], phase change material [64-66] and heat pipe [12, 67]. 
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Fig. 14. Series connection of half module (eight battery).[60] 

 

The structural arrangement is very efficient in the cooling of the battery module. 1*24, 3*8 and 5*5 arrays rectangular arrangement 

is efficient. Moreover, 19 cells in a hexagonal arrangement and 28 cells in a round arrangement are also suitable in module level 

cooling [50]. Table.3. [50]shows different cell arrangement. 

 

 

 

 

 

 

Table 3 Average temperatures of different battery 

arrangements[50] 
Cell arrangement names Average 

temperature 

1* 24 Cell arrangement 34.4708°C 

3*8 Cell arrangement 33.5501°C 

5*5 Cell arrangement 32.7560°C 

19 Cells hexagonal arrangement 32.6095°C 

28 Cells circular arrangement 34.2929°C 

 

             

Another cooling process is air-cooling which is the most used process and conventional approach in EV battery cooling. Usually 

a fan is used for air cooling. The distribution of temperature depends on the location of the fan[68]. Shahabeddin K. Mohammadian, 

Yuwen Zhang showed that the maximum temperature of a battery module reduces by 7.0%, 6.2%, and 6.5% at channel airflow 

speeds of 0.206 ms-1, 0.412 ms-1, and 0.824 ms-1 sequentially(in Celsius).[69]  

It has been seen that a 5*5 cell arrangement with a fan on the top of the module is the most efficient for cooling. Fig.15. shows the 

different positions of fans in a battery module. 
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Fig. 15. The different position of fan in a battery module. 

Tao Wang, K.J. Tseng, Jiyun Zhao, and  Zhongbao Wei showed that cell distance in a module has also an effect on cell temperature. 

If the cell distance is 0 mm the maximum temperature is 35.0807 °C. However, if the cell distance is increased up to 2mm the 

maximum temperature is found to 34.0112 °C. Again if the cell distance is kept at 3 mm the maximum temperature is found 

34.5770°C[50]. Table.4 shows the outcome of temperature on the distance of the battery cell on the module 

 

 

 
Table 4 Effect of temperature on the distance of the battery cell on the module. 

 

 

 

 

 

 

 

 

 

 

 

Now, in the case of pack level cooling, strategies are needed to manage the cooling system effectively because of, in a pack there 

have thousands of cells and also those induce more heat. In past, much research was carried out on pack level cooling, and also 

recently researchers are trying to make an efficient cooling management system for pack-type cooling. Table.5. shows the different 

cooling procedure used by researchers. In 2017 Xie et al. [70] proposed a model by air cooling. In their model mainly they checked 

the effect of inlet airflow angle and outlet airflow angle, they used the newton method, CFD (computational fluid dynamics), and 

resistance network model for numerical calculations. The result showed that the maximum operating temperature and temperature 

difference was reduced close to 12.82% and 29.72% respectively with an inlet flow angle 2.5° and outlet flow angle 2.5°. So 

perfect modeling of the inlet and outlet angle can improve the efficiency of the BTM system. In 2017 Chen et al. [71] proposed a 

BTM model for pack type battery. In their model, they attempted to analyze the effect of varying the width of the inlet and outlet 

airflow path. They have used CFD (computational fluid dynamics) model to evaluate the airflow. The numerical analysis showed 

that when the inlet flow rate and heat generation of the battery remains constant the maximum operating temperature of the battery 

pack can be reduced up to 41%. They also used some other methods like the newton method to optimize the standard deviation of 

flow velocity of air. In 2018 Hong et al. [72] proposed a model by air cooling using a secondary vent. In their model, they varied 

the position of the secondary vent and noticed the effect on the temperature of the battery pack. Since the position of the vent was 

at the wall of the outlet duct and they found that when the position of the vent was at the convergence plenum of the battery, the 

maximum operating temperature of the pack and temperature difference was decreased by 5K and 60% respectively compared 

with the BTM system without secondary vent. So, the secondary vent was very effective in their study to improve the thermal 

performance of battery pack. 

 In 2018 Ye et al. [73] proposed a cooling model by a flat heat pipe and conductive fins. They designed their model with a flat 

micro heat pipe considering the contact area between heat pipes and battery. In their model, they increased the contact area for 

Cell distance Maximum temperature 

0 mm 35.0807 °C 

2 mm 34.0112 °C 

3 mm 34.5770°C 
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increasing the cooling efficiency. In their study they used 18A current and find maximum operating temperature as well as 

temperature difference below 350C and 1.50C respectively, also they mentioned that efficiency will increase with force convection 

by air. In 2018 Feng et al. [74] showed a model with a heat pipe cooling device (HPCD) and analyzed the effect of force convection 

(Fan) and natural convection. They used non-destructive temperature equipment and strain gauges to monitor the operating 

temperature and the strain of the 18650 Li-ion battery pack. The result shows that the force convection with heat pipe can maintain 

a good temperature for the battery pack but for natural convection cooling strategy, it was not good at the end period of the 

discharging process. In 2019 Cao J et al. [75] proposed a hybrid cooling system consist of liquid cooling and PCM composite. 

They used cold plates and expanded graphite with RT44HC composite. In their model, the configuration of the pack was a 5S4P 

structure, where the series configuration has 5 cells and the parallel configuration has 4 cells (20 cylindrical cells). Silicone grease 

was used between cold plates and battery to reduce the thermal resistance of air due to the conductivity and density of silicone 

grease are higher than air. They studied the effect of water inlet operating temperature and flow rates, also PCM content in a 

battery. The best performance was found below 400C inlet water temperature but an increase in airflow rate increases the power 

consumption. They checked the effect of paraffin on their experiment and found that EG/PCMs combine with 25 wt% and 67 wt% 

of RT44HC (paraffin) decrease the maximum temperature from 500C to 440C and 420C, a planner temperature difference was 

reduced from 50C to 2.30C and 1.20C at high discharge rate 2C. 

 In 2020 H. Zhang et al. [76] proposed a BTM model by cold plates with special channels. They studied with cell type and pack 

type battery configuration. In the pack type, they made 6s4p configuration (6 are in serial and 4 are in parallel in a stage) with a 

multi-domain modeling framework (3D). Fig.16[76] shows their model. They have used Newman, Tiedemann, Gu, Kim (NTGK) 

model for modeling their BTM system. Their result shows that with a 5C discharge rate maximum temperature and temperature 

difference of the Pack was maintained below 40 °C and 5 °C respectively when the cold water flows through channels into the 

center position of the battery pack. 

 

 
 

Fig. 16. Configuration of the 6s4p battery pack [76] 

 

              

  
  

 T
a

b
le

 
5

 
P

a
ck

 
le

v
el

 
co

o
li

n
g

 
o

f 
L

i-
io

n
 

b
a

tt
er

ie
s 

                                                      

  
  
  

 M
a
x

 Δ
T

 (
 0

C
 )

 

  
  
  

 3
.7

 

  
  
  
7

.4
 

  
  
  
4

.4
7
 

  
  
  

 1
.5

 

  
  
  

  
  
  

- 

  
  
 B

el
o

w
 5

 

  
  
2

.3
 a

n
d

 1
.2

 

  
 M

a
x
 T

 (
 0

C
 )

 

  
  
  

  
  
  

  
 5

1
.8

5
 

  
  
  

  
  
 5

6
.0

5
 

  
  
  

  
  
  
3

4
.4

5
 

  
  
  
B

el
o

w
 3

5
 

  
  
  
B

el
o

w
 3

9
 

  
  
 B

el
o

w
 4

0
 

  
  
  
4

4
 a

n
d
  
4

2
 



19 

 

  
  
  

  
 C

el
l 

ca
p

a
c
it

y
 

  
  
  

  
  
  

 2
.2

A
h
 

  
  
  

  
  
  
2

.2
A

h
 

  
  
  

  
  
  

  
  
 -

 

  
  
  

  
  
1
8

 A
h

(c
el

l)
 

  
  
  

  
 2

.6
A

h
 

  
  
  

 2
0

 A
h

 n
o

m
in

al
 c

ap
ac

it
y
 

(4
 p

ar
al

le
l 

ce
ll

) 

  
  
  

  
  
  
2

.6
A

h
 

  
  
 L

o
a

d
 o

n
 B

a
tt

e
ry

 

  
  
  

  
  
  

  
  
5
C

 

  
  
  

  
  
  

 6
.5

W
 

  
 3

.8
2

W
 p

er
 c

el
l 

  
  
  

  
  
  
1

C
 

  
  
  

  
  
0

.5
C

 

  
  
  

  
  
 5

C
 

  
  
  

  
  
2
C

 

 B
a

tt
e
ry

 c
o

n
fi

g
u

ra
ti

o
n

 

  
 2

4
 p

o
u

ch
 c

el
ls

 (
P

ac
k

) 

  
 2

4
 p

o
u

ch
 c

el
ls

 (
P

ac
k

) 

  
 1

0
 p

ri
sm

at
ic

 c
el

ls
 (

P
ac

k
) 

  
 1

6
 p

ri
sm

at
ic

 c
el

ls
 (

P
ac

k
) 

  
 2

4
 c

y
li

n
d

ri
ca

l 
ce

ll
s 

(P
ac

k
) 

  
 2

4
 p

ri
sm

at
ic

 c
el

l 
(P

ac
k

) 

  
2
0

 c
y
li

n
d

ri
ca

l 
ce

ll
s 

(P
ac

k
) 

  
  

C
o
o

li
n

g
 m

a
te

ri
a
ls

 

  
  
  

  
  

A
ir

 c
o
o

li
n
g
 

  
  
  

  
A

ir
 c

o
o

li
n
g
 

  
  
  

  
 A

ir
 c

o
o
li

n
g
 

  
F

la
t 

h
ea

t 
p
ip

e 
an

d
 

fi
n

s 

  
H

ea
t 

p
ip

e 
co

o
li

n
g
 

d
ev

ic
e 

(H
P

C
D

) 

  
 c

o
ld

 
p
la

te
s 

w
it

h
 

sp
ec

ia
l 

ch
an

n
el

s 

 C
o

ld
 

p
la

te
s,

 
P

C
M

 

(E
G

, 
R

T
4
4

H
C

) 

  
  
  

  
  
  

  
A

u
th

o
r 

  
 H

o
n
g

 e
t 

al
  

(2
0
1

8
) 
[7

2
] 

  
  
C

h
en

 e
t 

al
 (

2
0
1
7

) 
[7

1
] 

  
  

X
ie

 e
t 

al
 (

2
0
1

7
) 
[7

0
] 

  
  

Y
e 

et
 a

l 
 (

2
0

1
8

) 
[7

3
] 

  
  

F
en

g
 e

t 
al

 (
2
0
1

8
) 
[7

4
] 

  
H

. 
Z

h
an

g
 e

t 
al

 (
2
0

2
0

) 
 [

7
6
] 

  
  
C

ao
 J

 e
t 

al
 (

2
0
1
9

) 
[7

5
] 

 

 

So many investigations have been conducted to maximize the thermal efficiency of Li-ion battery module and pack and also 

researchers are trying to make hybrid cooling configuration for the upcoming battery challenges. 

 

3. BATTERY THERMAL MODELLING TECHNIQUES 

 

Since Li-ion batteries induce heat energy during operation, it is important to have a proper modeling technique for controlling the 

temperature in the battery system. 

There are three battery thermal dimensional modeling techniques which are 1D, 2D, 3D also another one is a lumped model. 

Thermal modeling of Lithium-ion batteries is well documented in the literature [77]. It uses the heat balance equation that calculates 

the temperature with the generated heat and it also calculates heat losses. J. Jaguemont et al. in 2019 investigated the 1D method 

on two battery technologies one is high power and the other is high-energy with lithium titanium oxide (LTO) and nickel 

manganese cobalt oxide (NMC)[78]. Fig.17.[78] shows the 1D electro-thermal model used by J. Jaguemont et al. in 2019. 2D and 

3D models are used for the cylindrical cell. The model varies for different sizes of the battery, like for small size 2D and for large 

size 3D model are used [4]. The 3D model is used for axial boundaries like a cylinder and also for plane boundaries like prismatic 

shape. The 3D model is very effective for all types of boundary shapes. The main purpose of using the thermal mode is to stabilize 
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the temperature distribution. According to the purpose different types of Battery thermal models are used. By using the Battery 

thermal model the uniformity of temperature into the cell is occurred [79] 

 
 

Fig. 17. Schematic of the modeling methodology for 1D [78] 

 

Since the 2D model has high accuracy, also take a few input parameter. In 2014 A. Samba et al. has developed a 2D model for 

LiFePO4/graphite Li-ion pouch type cell with a Maximum capacity of 45Ah [80]. They have neglected heat development in the y-

direction cause of the small thickness (13 mm) of their cell. Fig.18.[80] shows their model.         

 

 

 

             

 

 
 Fig. 18. 2D Schematic diagram and dimension (mm)[80]        

 

They have compared the simulated result with an experimental result in different conditions. They found the maximum operating 

temperature difference on the surface of the battery was about 0.7 0C for a low current rate of less than 1It. However, for a higher 

current flow rate like more than 1It, generated heat energy is higher than the dissipated heat energy and it is not good for battery 

health. 

For controlling the temperature a novel model was introduced by J. Gou and W. Liu in 2019. There used model is a novel 3D 

model with a vapor chamber (3DVC) for Li-ion batteries.[81]. Fig.19.[81] shows the diagram of their modeling.  
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    Fig. 19.  Battery pack and the prototype of 3DVC.[81] 

 

In their model, they varied the filling ratio and compared their result to understand its effect on temperature. They take 60% and 

120% filling ratios. They found that for a lower filling ratio the thermal resistance decrease from 0.36K/W to 0.22K/W with a 

heating power increase from 10W to 60W. Also for a higher filling ratio thermal resistance decrease from 0.4K/W to 0.18K/W 

with a heating power increase from 10W to 60W. So they decided to apply a 120% (higher) filling ratio in practical utilization on 

the BTM system. From the overview, we see that for different techniques the degradation of battery temperature is different. 

Researchers are trying to enhance the dimensional model for confirming a better Battery Thermal Management system. 

 

4. BATTERY DEGRADATION CHALLENGES  

 

Nowadays we are facing a great problem of global warming. Every day a ton of carbon-dioxide emission increases the temperature 

of the world. One of the main reasons for the emission of carbon-di-oxide in vehicles that use petrol, diesel as fuel [82, 83]. That 

is why the use of batteries is increasing day by day. It has been observed that the implementation of battery is increasing in recent 

days [84-86]. There are different types of battery but the Li-ion battery is the most used because of its long life, high energy density, 

high efficiency[87, 88], and low self-discharge rate[89]. Li-ion batteries have many advantages. Besides, it has some degradation 

challenges too. Li-ion batteries have a high primary cost during production[90]. Aging is a great factor in the degradation of battery 

performance. Aging affects the capacity of the battery and the available power[91]. When the battery is new it provides a good 

output but day by day the performance of the battery degrades. The aging mechanism is shown in Fig.20.[91] and the main 

overview of degradation in li-ion cells is shown in Fig.21.[92]. Several factors such as cells manufacture variability in terms of 

choice of material, application scenarios such as high temperature, low temperature operation results in aging related side reactions 

that enhances degradation and causes capacity fade and power fade. An overview of the causes and effects of battery degradation 

mechanisms and associated degradation modes are illustrated in Fig. 22.[93]. 

 
Fig. 20. Aging mechanism of the li-ion battery. [91] 
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Fig. 21. The main overview of degradation in Li-ion cells[92]. 

 

 

 

 
 
Fig. 22. An overview of causes and effects of battery degradation mechanisms and associated degradation modes[93]. 

 

There is also the thermal effect on battery degradation. It has been noticed that the battery works more reliable at room temperature. 

Because they are designed like that, they can work at room temperature. At low temperature, the internal resistance of the battery 

increases and thus reduces the capacity. It has been noticed that a battery which can provide 100% capacity at 27°C (80°F) will 

typically produce only 50 percent at –18°C (0°F).[11]. For example, operating temperature has significant impact on battery cycle 

life. Battery cycle life starts to reduce while battery temperature exceeds 45°C and significant cycle life loss occurs around 80°C. 

The effect of temperature on battery life cycle is illustrated in Fig.23.[94]. The growing degradation rate of the highest storage 

capacity throughout cycling with growing temperature is because the degradation mechanisms of irreversible capacity loss are 

expedited by a raised temperature, as described in multiple studies.[95-97]. 
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Fig. 23. Impact of cell temperature on battery cycle life[94] 

 

The degradation rates of all the elements in a Li-ion battery will boost because of higher temperature, and this is compatible with 

the work of Thomas et al[98]. Chongming Wang’s work showed that active air cooling is the more suitable alternative than passive 

PCM  cooling to diminish battery degradation [99]. Ziye Ling presented a thermal network model. He made rapid optimization on 

PCM selection. By this, he minimized the degradation of the battery at cold temperatures. He also revealed a battery capacity 

degradation model that helps us to understand the influence of thermal management on battery life throughout a long period of 

cycling[100]. Jeremy Neubauer showed the minimal influence of cold weather on degradation as well as the minimal influence of 

active battery heating systems[101]. 

 

 

In Li-ion batteries, different types of anode and cathode are used. Some of the cathode material are Lithium manganese oxide 

(LMO, LiMn2O4), Lithium iron phosphate (LFP, LiFePO4), layered metal oxide like Li[NixCoyMn1-x-y]O2 (NCM), and Li-rich 

materials. Again some of the anode material is graphite, silicon, etc.[91]. This cathode and anode have a great impact on the 

degradation of the battery.  

 

4.1. Anode materials 

It has been seen that the electrochemical stabilized voltage of normal liquid electrolytes is lowest 1v to highest 4.5 v[102, 103]. 

However, the working voltage of graphite is 0.05v[104]. That is why we can say that graphite anode is unstable. The SEI (solid 

electrolyte interface) prevents electron transportation. Thus, we can prevent the degradation of electrolyte and graphite-based anode 

could be cycled. Silicon-based anode materials are now widely utilized as an anode in Li-ion batteries. Most of the researchers are 

now using carbon and silicon as an anode to improve battery life and C rate performance[105]. 

 

4.2. Cathode materials 

To minimize the degradation of li-ion batteries most of the used cathodes are spinel LMO cathode, olivine LFP cathode, or layered 

NCM cathode[91]. 

We can identify battery degradation by observing battery performance. Most of the time the performance of the battery become 

fade with aging.  

Battery physical resistance is also a cause of the degradation of the battery. If the internal resistance is very high there will be a 

high loss of energy during the time of charging and discharging. It possesses a great impact on battery performance. Again, internal 

resistance affects battery performance after a while. There is also a great influence on battery design on the degradation of battery 

life. There are mainly four levels of design. They are material level, electrode level, cell level, and system level. At the material 

level the anode, cathode, electrolyte, and separator influence battery life.  The binder, particle radius, etc. effects at the electrode 

level. Cell shape, dimension, etc. in cell level and mechanical design, the thermal management system in system-level has a great 

influence on battery life[91]. Temperature variation is also a reason for battery degradation. If the temperature is very high in the 

cell it will affect the life and the performance of the battery. To overcome this, we have to focus on the cooling system of the 

battery in the cell, module, and pack. There is also an effect of current flow on the life of the battery. Because current flow produces 

joule heat on the battery. Joule heat increases the internal temperature of the battery. The current flow also influences the terminal 

voltage and internal potential of a battery which is the result of many side reactions. These side reactions can also reduce the life 

of the battery[106]. 

 

5. FUTURE COOLING STRATEGY 

 

Since the electricity-dependent vehicle is increasing its demand on the utility. Electricity-operated vehicles or hybrid electricity 

operated vehicles battery thermal management system should control properly since in the future there will come more fast 

charging vehicle and their induced heat will much higher than the past battery electric vehicles. So there needs a more enhanced 

BTM system to control the operating temperature at an optimum range and to control the temperature distribution. Here we see 

that traditional BTM systems have advantages and also disadvantages. One cooling system does not satisfy the utility demand 

completely, so there needs a combination or mix of the traditional BTM systems. These types are like active cooling system with 

PCM, active liquid cooling with PCM, forced air cooling with PCM, heat pipe cooling with PCM, oscillating heat pipe with PCM, 

etc.  
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5.1. Active air cooling with PCM 

 

Air cooling needs less equipment but has less efficiency, less heat rejection properties. PCM has high latent heat but it has a 

problem of melting when changing the phase. When active air cooling is combined with PCM the problems can be reduced. Air 

cooling helps to increase the time of phase change that means melting and PCM helps to reduce the battery temperature with direct 

contact with the battery cells. In 2014 Fathabadi et al[107] used air-duct cooling and PCM. Ling et al. (2015) used PCM with 

forced air convection cooling [65]. In their experiment, they had used a pack configuration of 20 cylindrical cells in a series-parallel 

connection. Their result shows that using active air with PCM maintain the maximum temperature under 500C at all cycle while 

without active air cooling (only PCM) the maximum temperature goes above 600C at only 2 cycles. So with active air cooling, the 

PCM can reduce the maximum temperature more effectively. However, for upcoming high power vehicles, this method is not 

sufficient so more cooling method should develop.  

 

5.2. Active liquid cooling with PCM 

 

Liquid cooling has more thermal conductivity than air cooling also has high heat rejection performance but it requires extra 

equipment. When combining with the PCM the equipment could reduce slightly but the thermal performance will increase. The 

liquid cooling helps to cool the PCM and PCM helps to cool the battery. Since liquid helps to reduce the heat from PCM more 

effectively cause of its greater thermal conductivity. Y. Zheng et al.[108] have taken a battery pack of 110 prismatic cells, 8 flow 

tubes through which liquid flows around the PCM, PCM materials, and adiabatic layers between the cooling tubes. From their 

result, it has come to view that the maximum temperature maintains at 38.690C also the maximum temperature difference maintain 

at 2.23 0C. Fig.24[108] shows the applied diagram. The result is the applicable cause of maximum temperature is not so high. 

 

 
 

 

Fig. 24. [108] (a)Configuration including adiabatic layers (b) without adiabatic interlayers, and (c) inserting PCM  

 

In 2019 Y. Zaho [109] et al represented a hybrid model that is copper foam/paraffin composite PCM (CPCM) with active liquid 

cooling. In their copper foam, there have a porosity of 98% and pore size 20ppi, also the melting point of the paraffin is 250C. 

They have used a 3D numerical model using ANYSYS FLUENT. They found a significant improvement in battery surface 

temperature was reduced by 14°C compared with the pure PCM module. They also checked with different inlet velocity. Fig.25 

[109] shows the applied diagram. 

Though the liquid model with PCM is highly efficient it has a high cost for circulating pumps, extra space, etc. 

 

5.3. Heat pipe cooling with PCM 

 

PCM has high latent heat but imperfect PCM has low thermal conductivity so the only PCM cannot reduce heat for a long time. 

So a more effective combination of heat pipe with PCM is also more effective. Since heat pipe has high thermal conductivity but 

it has less contact area. When heat pipe is used with PCM it reduces heat from PCM and PCM reduces heat from battery. Since 

much research is running on this hybrid model. In 2017 Zhao et al.[110] have proposed a model of PCM with a heat pipe. They 

have taken module type cylindrical shape cells for their application. They test the battery with air cooling, only PCM cooling, and 

heat pipe with PCM cooling. They found that heat pipes with PCM have more efficiency than air or only PCM cooling. Their result 
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shows that a heat pipe with PCM can maintain the maximum operating temperature 500C also maximum temperature difference at 

50C.  

 

 

 
 

                                                (a) 

 
 

 

                                                  (b) 

 
                                                     (c) 

 

  Fig. 25. [109] (a) Configuration of proposed BTM system (b) Contour of the static temperature of the module using pure PCM 

after 1800s operation (c) Contour of the static temperature of the module using copper foam composite with paraffin after 1800s 

operation.  

 

In 2020, Zhang et al. [111] proposed a model of PCM/Heat pipe/Copper foam for pack type LiFePO4 battery. The position of the 

cooling system is arranged in such a way that the heat pipe takes heat first and transmitted to the PCM. The result shows that the 

maximum operating temperature was under 450C.  In 2020 Nandy Putra[112] have designed a BTM system of heat pipe with PCM 

and used battery simulators. They have used PCM as beeswax or Rubitherm RT44HC respectively. In Fig.26 [112].shows the heat 

transfer diagram. They found that only using heat pipe reduces maximum temperature 26.6 0C with a load of 60 W. Also heat pipe 

with beeswax or RT44HC can reduce the surface operating temperature of the battery simulator by 31.9 0C or 33.2 0C. 
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Fig. 26.[112] Heat transfer and exchange process in the heat pipe and PCM. 

 

5.4. Oscillating heat pipe cooling with PCM  

 

The combination of oscillating heat pipe with PCM is more efficient than only using PCM or only using an oscillating heat pipe. 

There have developed many models of oscillating heat pipe combining PCM. In 2016 Qingchao Wang[113] proposed a model of 

oscillating pipe with paraffin as  PCM. They used a battery surrogate instead of batteries and the length and width of it 115 mm 

and 90 mm respectively. They have used a DC power supply for heating the surrogate. The result shows that the maximum 

operating temperature of the battery surrogates at 800 s was 44.62 0C (20 W), 48.86 0C (25 W), and 55.56 0C (30 W) but Compared 

with combining oscillating heat pipe cooling system the maximum operating temperature of the battery surrogates decreased by 

6.39 0C, 9.52 0C, and 8.23 0C, respectively at 20W Fig.27.[113] shows their configuration. Oscillating heat pipes are very effective 

to transfer the heat.  

 

 
         Fig. 27.[113](a) Cooling with OHP. 

                            (b)  Cooling with PCM/OHP. 

     

 

 

In 2020 Y.-Z. Ling[114] proposed a thermal cooling management system for an electronic device. They have chosen a new model 

of the leaf-shaped 3D oscillating heat pipe (3D-OHPs) with PCM. They have tested the model with a different operating condition 

like air velocities, wind direction, filling ratios on oscillating heat pipe. Their experimental results show that electronic device 

surface temperature can be maintained under 1000C and 350C lower than air cooling also thermal resistance decreased by 36.3%. 

They found that the leaf-shaped 3D-OHPs are more effective and can control surface temperature 20C lower than the traditional 

oscillating heat pipe. The author said that it was an effective cooling method compared to the traditional cooling method for 

electronic device cooling. Though the combined system of oscillating heat pipe with PCM is more effective than the traditional 
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cooling method it is costly and difficult to control. Recently a novel model was proposed by H.S. Lee, J.W. Kim[115]. The model 

is a combination of three traditional cooling methods which are oscillating heat pipe/direct refrigerant two phage cooling/PCM. 

This model is also called an integrated phase change heat transfer package (IHP) [115]. 

 Fig.28. [115]shows the configuration. Here oscillating heat pipe is directly connected with the cells then the PCM is a sandwich 

between the oscillating heat pipe and two-phase heat exchanger. The oscillating heat pipe is used to maintain the uniform 

temperature of the battery cells. They have proposed that this combined system can control the maximum operating temperature, 

also maximum temperature difference, uniformity of temperature, and also can be very efficient for cooling. Researchers are trying 

to develop the model more precisely to overcome the upcoming challenges with the high power and fast charging electric vehicles. 

 

 
 

Fig. 28. Configuration of integrated phase change heat transfer package (IPH) [115]. 

 

 

6. FUTURE RESEARCH DIRECTIONS  

 

The future world is looking for a renewable source of energy such as solar, also wind as well as the energy of hydropower plant. 

These energy sources are used to generate electricity. There is minimum emission of CO2, SO2, nitrogen compound, and these 

characteristics make renewable electricity more preferable to apply an alternative of coal, oil base in vehicles. It is need to say the 

importance of battery in the electric vehicle. The battery induces heat during operation.  

The upcoming days will bring high energy density, fast charging, and fast discharging in the battery of electric vehicles. These will 

induce a high amount of heat. So there needs some more effective thermal management system for battery configuration like cell, 

module, pack type. Since there already have many traditional batteries thermal management methods but these are not effective 

for high energy density batteries used in electric vehicles.  

 

Researchers are also trying to combine more than one traditional thermal cooling system to increase thermal efficiency, also 

focusing on reducing the thermal resistance of the materials. Traditional cooling system likes air cooling, liquid cooling, PCM 

cooling, direct two-phase refrigerant cooling, heat pipe cooling, oscillating cooling. Researchers are attempting to vary the airflow 

direction, flow rate, use a different type of liquid in air cooling and liquid cooling, trying to vary the number of pipes, pipe width, 

3D orientation in heat pipe cooling, trying to vary materials characteristics of PCM materials.  

Researchers are also investing their time and efforts to increase thermal conductivity, decrease the thermal resistance of PCM 

materials also increase the latent heat of PCM materials. The composite type materials like PCM with other conductive materials 

increase the conductivity of the PCM material also the efficiency of the combined system increase. 

 

The choice of perfect PCM is also a big part of the thermal management system. PCM should have high latent heat, high thermal 

conductivity, low thermal resistance, low cost, available and research is going on to achieve the above properties of PCM. There 

are some issues with cooling materials. 

 (1) Though the structure has simple configuration when cooling with air, light in weight but less effective (2) though liquid cooling 

is highly effective, but it requires circulating pump, heavy, energy consumption (3) though PCM cooling gives high efficiency and 

temperature uniformity, the thermal performance depends on PCM mass, extra equipment needs to cool the PCM. So to improve 

thermal performance above disadvantages should eliminate to get high efficiency, light-weight, simple in construction, less space.  
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 Researchers are trying to combine more than two traditional systems though it causes complex construction and increased weight 

but increases thermal efficiency. Recently a novel model was proposed by H.S. Lee, J.W. Kim[115], where a combination of three 

conventional cooling methods which are oscillating heat pipe/direct refrigerant two phage cooling/PCM. The researchers are trying 

to maintain high efficiency, low cost, less complex, the low thermal resistance of the cooling materials use in the cooling system. 

However, it is mandatory to combine existed cooling systems or making some new models to face future challenges.  

Some combinations should make such as cold-plate/PCM/heat-pipe, direct-two-phase/PCM/heat-pipe. Since the use of nano-

particle in a battery, cooling is not familiar but nano-particle can be used in the cooling system. Since the use of conductive nano-

particle in cooling liquid can increase the thermal conductivity of the liquid also it will reduce the mass of the system. 

 

The car companies are using different cooling technology for cooling the car batteries to enhance efficiency. Table.6 shows the 

different techniques of battery cooling used. 

 

Table 6 The different cooling techniques applied for battery cooling in different branded EV manufacturer. 
Name Battery  Year Cooling 

Tesla Model S 

[116] [117] 

100 kWh Li-ion 2012  Liquid cooling 

using glycol-

based coolant 

(50% Sierra 

Glycol solution, 
50% water) 

BMW 

i3[116] 

22 kWh 2013 Direct 
Refrigerant 

Cooling(use of 

existing AC 
system) 

Nissan Leaf 

[118] 

60 kWh 2019 Air cooling 

Chevrolet Volt 

[119, 120] 

60-kWh lithium-

ion battery pack 

made up of 288 
individual cells. 

2019 Liquid cooling 

Hyundai Kona 

[121] [122] 

64 kWh battery 

pack consisting 

of 5 modules, 294 
cells, and are 

wired into 98 cell 

groups of three 
cells apiece. 

2019 Liquid Cooling 

Ford Focus 

[116] 

23 kWh, Li-ion 

battery 

2016 Liquid cooling 

Jaguar I-

Pace[123] 

58-Ah pouch cell. 

There are 36 
modules ( 12 

cells in each 

module and the 
total number of 

cells is 432 ) 

2018  cooling with 

water (cooling 
plate ) integrated 

into the frame 

Mahindra 

e2oPlus[124] 

15 kWh Lithium-
Ion 

2013  Air cooling 
through iEMS 

technology 

Mercedes-

Benz 

EQC[125] 

80 kWh Lithium-

Ion 

2018 liquid-cooled 

Mahindra 

eVerito[126] 

21.2 Lithium Ion 2017 Liquid cooling  
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Mitsubishi i-

MiEV [127] 

16 kWh / 58 MJ 
(Li-ion battery) 

2014 Forced air 
cooling system. 

Also, cool with 

the air of the 
refrigerant from 

the car's own air 

conditioning 
system. 

 

7. OTHER RECOMMENDATIONS 

 

Future electric vehicle needs a highly effective battery cooling management system that ensures high cooling efficiency. The main 

concern about cooling design is how to minimize the disadvantage of battery thermal cooling system. Due to the low thermal 

conductivity, the air cooling system is not widely used. So there needs a high thermal conductive system and a combination of 

more than one traditional cooling system. Researchers should focus more on liquid cooling and PCM cooling cause of thermal 

conductivity of the liquid is higher and higher latent heat of PCM. Though the thermal conductivity of PCM is not good as we 

want it can be made good by adding a conductive compound with the PCM. Researchers should investigate the conductive materials 

which can maintain the high conductivity of PCM by adding them with PCM. There are different type of paraffin compound which 

are highly conductive and low cost and it is used as PCM. The thermal conductivity of PCM can increase by adding nanoparticle. 

There should add many conductive materials like carbon fiber [128], aluminum fins, carbon nanotubes [129],  polyurethane foam 

[130], metal foams, expanded graphite. If the thermal conductivity is increased highly then it could be the most effective cooling 

system by combining with other cooling systems. The heat pipe cooling is effective but its contact area is small, so if the contact 

area can be increased and combined with PCM then it could be another alternative as an effective cooling system. To increase the 

contact area of pipes (heat pipe and oscillating heat pipe) there should use a conductive cold plate. The system with conductive 

nanoparticle can be very light and high thermal conductive. So more research efforts are needed to investigate nanoparticles [131-

134]. 

 

8. DISCUSSION  

 

The world is facing the challenge of global warming now. Traditional fossil fuels like oil, gasses contribute to greenhouse gas 

which causes global warming. An electric vehicle can lessen the greenhouse effect as it does not contribute to carbon emission.  

Therefore, it is environment friendly and highly efficient. The only problem that Li-ion battery faces is heat generation which 

degrades its performance. So, in this paper, we focused on the existing and future battery thermal cooling systems. We review the 

research progress of the BTMS of traditional and future cooling systems. Each cooling system has its advantages and 

disadvantages. Analyzing the cooling systems we see 

1. Air cooling system is the simplest, lightweight, safe and reliable. It does not need many components. 

However, it has lower thermal co-efficient and non-uniformity. So this system cannot be used in high energy vehicles. To 

achieve high efficiency it’s airflow rate has to be increased and also channel size has to be increased. It needs more power 

consumption and compact design which requires additional hardware, increases cost, and thus brings complexity to the 

thermal design. 

2. The liquid cooling system gives the highest thermal performance because the liquid has a higher heat capacity than air. 

However, it has a complex layout, the chance of leakage, and additional components that require more space and make it 

bulky. Proper coolant is needed to choose and more researches are needed on cooling mechanism like mist type cooling, 

cooling with ammonia, flow boiling technique. 

3. PCM cooling has a lot of heat capacity and does not need power consumption. However, its low conductivity and volume 

expansion during phase change makes it unsuitable. However, integrating with other cooling systems its conductivity 

increases and gives a better result. 

4. The refrigerant cooling system has good uniformity and can be lumped with the existing AC system. However, it is still 

costly. Research has to make it less consumable power. The system can be enhanced by combining the temperature control 

system with a flow control system.[13] 

5. PCM’s low conductivity problem can be eradicated in heat pipe cooling, but it has a low contact area. Oscillating heat 

pipe and using aluminum is showing a good result. More research efforts are needed to focus on its structure, working 

medium, runner size and liquid filling capacity. [13] 

6. TEC cooling is low power consumption and an environment-friendly cooling system can serve as both heating and 

cooling. However, it has low efficiency. 
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Research efforts are needed to insert high conductive material. 

7. Integrating a traditional cooling system with PCM, it gives a better result. Future research is needed to make the system 

less consuming power and occupying less space. 

8. Battery heating is also important for the optimization of battery in cold weather countries. Few systems can serve as 

heating, but they are not efficient. So more research efforts are needed to improve the heating system.  

       The heat absorbed by the cooling systems is in the environment. Research can be made to store the heat and   later serve 

it when needed 

 

9. CONCLUSION 

 

EVs already have demonstrated its potentiality in response to climate change and carbon reduction scheme. Batteries have emerged 

as energy storage device in EVs. For EVs batteries, the key threat is temperature. Since the battery-charging trend is shifting 

towards fast charging, the new thermal challenges are going to arise in EVs battery pack. Therefore, an efficient thermal 

management is required to ensure the performance and safety. This paper elaborately discusses the state-of-the-art cooling 

technologies in the context of advantages and disadvantages. These can be categorised into air cooling system, liquid cooling 

system, PCM cooling system, heat pipe cooling system and thermoelectric cooling system. Air cooling system is advantageous 

because of low weight, cost and maintenance. However, it is problematic due to few factors such as compressors, fans. The 

limitations of air cooling system have been improved via employing liquid cooling. This is also problematic due to indirect contact, 

extra weight and rugged construction due to inclusion of heat exchanger in cooling system. Addition of refrigerant based two-

phase cooling can help to improve the performance. PCM can eliminate the problems of liquid cooling by replacing the pump. 

However, PCM is confined in academic research and is yet not applied to practical EV application. There is much room to conduct 

research on PCM and how the thermal conductivity can be increased and how the improved PCM can be applied in commercial 

EV applications. Heat pipe also can be another alternative solution but it has limitations of creating less contact area interface with 

the battery. However, heat pipe cooling is so far studied for only prismatic cells and pouch cells. There is much room to conduct 

research on cylindrical cells. 

Upon reviewing various BTMS, it was found that the no detailed study have been found regarding   fast charging battery thermal 

management. Additionally no consistent figure of merits exist due to inhomogeneity of battery type, capacity, dimension and 

operating conditions. Therefore, a detailed research is needed to formulate new effective BTMS combining either existing 

technologies or exploiting new material such as nanofluid. Few studies have been found regarding the promise of nanofluid. The 

challenges are mainly the long-term stability, the choice of appropriate nanoparticles and additional pressure loss due to higher 

viscosity of fluids. However, there is much room to investigate how the nanofluid can be more stable by adding appropriate 

surfactants and how parasitic load can be minimized by assessing pressure loss for various combinations and concentrations of 

nanofluid. 

In the future, battery thermal load is expected to rise due to exploiting fast charging and demand of compact cooling system design. 

Therefore, further investigations are required to assess how battery cell/module/pack behaves in response to fast charging scenario 

and how an adaptive BTMS can be designed via exploiting computational fluid dynamics modelling to respond the thermal load 

as per driving requirements. 
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