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Abstract. In electric vehicles (EVs), wearable electronics, and large-scale 

energy storage installations, Battery Thermal Management Systems 

(BTMS) are crucial to battery performance, efficiency, and lifespan. This 

comprehensive analysis covers the latest BTMS advances and provides an 

overview of current methods and technologies. Recent developments in 

passive and active thermal management are covered in the following 

sections. The simplicity and efficiency of passive solutions like phase 

change materials and thermal insulators are highlighted. Operational 

systems, such as liquid cooling, air cooling, and sophisticated refrigeration, 

are precise and adaptable. BTMS still faces several obstacles despite 

advances. Non-uniform battery pack temperature distribution, thermal 

runaway hazards, and BTMS integration in tight locations are discussed. The 

review also highlights material limits, energy consumption trade-offs, and 

scalability issues in present techniques. This review provides a 

comprehensive history of BTMS, identifying knowledge and technological 

gaps and suggesting battery technology research and development for 

academics, industry veterans, and newcomers.  

1 Introduction 

This article reviews various thermal management solutions for batteries used in electric 

vehicle batteries as well as the fundamentals, attributes, and thermal concerns relating to 

lithium-ion batteries [1]. In recent times, rechargeable Li-ion (lithium-ion) batteries have 

gained significant recognition as the most effective means of storing power. These batteries 

possess several advantageous characteristics, including high specific power, lightweight 

composition, recyclability, low self-discharge rate, long cycle life, and high energy density. 

In comparison to other rechargeable battery options such as nickel-metal hydride (Ni-MH), 

nickel-cadmium (Ni-Cd) batteries and lead acid and, Li-ion batteries exhibit superior 

performance in these aspects [2-4]. In the past few years, lithium-ion battery (LIB) 

technologies have come a long way. Now, because they have such high energy and power 

densities, LIBs are the best choice for running electric vehicles [5]. These Li-ion batteries' 

functionality, shelf life, and safety are all significantly affected by ambient temperature [6]. 

Almost all cell materials used in Li-ion batteries suffer a decrease in performance and 
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stability in the anomalous temperature range. Batteries are affected by their surroundings, 

and they give off heat as a byproduct of the chemical reactions that occur when being charged 

and discharged, therefore temperature fluctuations are commonplace [7]. To properly 

maintain battery temperature, a BTMS must be in place to keep batteries within an acceptable 

range of temperatures and reduce the gap between internal cell temperatures [8]. There is no 

consensus on what temperature range is best for LIB operation; the literature reports 

temperatures between 25 and 40 degrees Celsius [9], 20 and 40 degrees Celsius [10], and 15 

and 35 degrees Celsius [11-13]. Elevated temperatures can give rise to a phenomenon 

commonly referred to as thermal runaway, which has the potential to culminate in the 

catastrophic malfunction of the system through fire or explosion [14]. This emphasizes the 

importance of BTMSs, which maintain battery temperature within an ideal range and ensure 

temperature uniformity among battery packs to prevent thermal runaway [15]. Low-

temperature effects and high-temperature effects are the two main types of temperature-

related phenomena [16-18]. Low-temperatures mostly have an effect on countries with high 

latitudes, like Greenland, Russia and Canada [19, 20]. During the winter months, the average 

low temperatures in these areas typically fall well below 0 degrees Celsius. Pure electric 

vehicles, hybrid electric vehicles, and plug-in hybrid electric vehicles (PHEVs) that operate 

in these conditions will have their performance and longevity negatively impacted by the 

extremely high temperatures [6]. LIBs can exhibit sluggish chemical-reaction behavior and 

charge-transfer speed at these low ambient temperatures [21], this is a factor in the drastic 

drop in electrolyte ionic conductivity [22] and diffusion of lithium ions between electrodes 

[23]. This reduction may result in a decline in power and energy efficiency, as well as a 

decrease in performance. Power and energy efficiency may drop, and performance may suffer 

as a result. There are still certain safety concerns, despite the fact that the lithium-ion battery 

sector is well on its way to maturity. When a battery is subjected to abuses like short 

circuiting, overheating, overcharging, and over discharging, internal temperatures rise 

quickly, increasing the risk of catastrophic failures including deflagration and explosion [15], 

[24-26]. As a result, the implementation of a battery thermal management system, also known 

as a BTMS, is of the utmost significance. 

The battery, which undergoes a number of charging and discharging cycles in the open air 

over the course of its lifespan, is the most crucial component of EVs. Lithium-ion batteries 

performance is intricately linked to temperature, thereby necessitating a comprehensive 

comprehension of the mechanisms underlying heat generation within the battery [27]. 

Newman and Thomas (2003) claim that Lithium-ion cells generate heat by a combination of 

chemical reaction, relaxation of a concentration gradient, resistive dissipation, and entropy 

[28]. 

Studies like this have found that charging and discharging Li-ion batteries generate three 

different types of heat. The electrochemical reaction polarization generates activation 

irreversible heat, ohmic losses cause joule heating, and charge and discharge induce change 

in entropy that causes reversible reaction heat. If the battery experiences rapid heating 

throughout the processes of charging or discharging, it can be inferred that the battery's 

internal temperature has grown owing build-up of heat. This increase in temperature has the 

potential to impact the battery's lifespan, safety, and overall performance. Battery capacity 

declines as a result of the battery's active material transitioning into an inactive phase, while 

battery power declines as a result of an increase in impedance [29]. The low temperature 

makes the electrode material not spread easily, which restricts the intercalation reaction [1]. 

When constructing and optimizing BTMS, it is imperative to take into account not only the 

prevention of rising temperatures too high, while also reducing temperature disparities. Feng 

et al. (2018) conducted a comprehensive examination of the precise thermal runaway 

mechanism shown by Li-ion batteries [30]. There are a few different ways to prevent bad 

effects at low temperatures, including the preheating method, the heating plate method, and 
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the air conditioning (AC) heating method [31–33]. ZHIGUO (2015) studied the effects of 

low temperatures on how well a high-capacity Li-ion battery with 35Ah of juice performs. 

Based on their findings, in order to significantly boost the battery's performance at low 

temperatures, they devised a wide line metal film heating approach [34]. These thermal 

concerns with lithium-ion batteries can be avoided with a battery thermal management 

system that keeps the battery within an optimal temperature uniformity and temperature range 

[5]. 

This review study is prompted by the increasing advancements in technology related to 

transportation electrification. Li-ion batteries face thermal runaway because of increased 

temperatures. This paper will cover thermal runaway and its many features. The assessment 

will also cover thermal runaway prevention and mitigation measures, crucial to battery 

thermal management system design for electric vehicles. 

2 Classification of Battery Cooling System 

The primary role of the Battery Thermal Management System (BTMS) is to ensure the 

maintenance of an ideal operational temperature range and the uniform distribution of 

temperature across the battery cell, module, and pack, particularly when subjected to high 

rates of charge and discharge, as well as adverse environmental conditions [35]. PESARAN 

(2001) claims that, a BTMS's four most important features are cooling (which removes heat 

from the battery), heating (which raises the battery's temperature when it's too low), 

insulation (which prevents the battery's temperature from fluctuating too drastically), and 

ventilation (which removes potentially hazardous gases) [8]. Except for when an EV is first 

used in a very cold climate, the temperature increase caused by most critical is the battery's 

ability to generate heat, and hence in this article, we examine the battery's cooling system in 

detail [5]. Different types of battery cooling systems are based on the type of medium they 

use. These include air cooling, liquid cooling, two-phase cooling, heat pipe cooling, and PCM 

cooling [36]. Power consumption is another factor to consider; passive cooling utilizes 

nothing but the air around it, whereas active cooling requires an external power source [37]. 

The effect that operating temperatures have on the capacity of the battery is presented in 

Table 1. 

Table 1. Effect of operating temperatures on battery capacity 

Reference 

Voltage 

range   

(%) 

Battery cathode/anode 

Numbe

r of 

cycle 

Capacity 

fade (%) 

Cycle 

rate 

Temper

ature 

(°C) 

Ehrlich [37] 4.2 – 2.5 

C/LiCoO2 

0 

C/LiMnO4 

500 

9 

13 

28 

51 

C/1 

21 

45 

21 

45 

Ramadass 

[38]  
2.01 -4.2 C/LiCoO2 

150 

500 

800 

6.09 

9.4 

22.5 

70.56 

30.63 

36.21 

C/1.8 - 

C/9-

1C 

25 

55 

25 

55 

25 

45 

Shim [39]  
<4.1 

<100%> 

C/LiNi0.8Co0.14Al0.05

O2 
140 

4 

65 
C/2 

25 

60 

Amine [40]  2.7–3.8 MCMB/LiFePO4 100 
55 

72 
C/3 

37 

55 

Liu [41] 
<90> 

<50> 
C/LiFePO4 

2628  

757  

1376 

7.5 

20.1 

22.1 

– 

15 

60 

45 
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Jaguemont 

[42]  

<60> 

<60–40> 
LiFeMnPO4 

170 

12 

7 

20.8 
1C 

25 

-20 

Zheng [43]  
<70> 

<100> 
LiFePO4/MCMB 

100 

100 

40 

20 

12.77 

2.97 

30.69 

29.33 

1/3C  

1/10  

1/2  

1C 

-10 

2.1 Air Cooling System 

Air is commonly employed as a cooling medium in BTMS, mostly owing to its lightweight 

composition and cost-effectiveness in terms of both initial implementation and ongoing 

upkeep. The restricted utilization of air-cooled BTMS in contemporary electric vehicles 

(EVs) can be attributed to their limited ability for dissipating heat from the batteries. This 

limitation arises from the relatively air-cooled BTMS have a low thermal conductivity and 

heat capacity [44]. The battery configuration, as well as the location of the ventilation 

system's intake and outlet, must be carefully engineered to improve its efficiency and 

effectiveness. To investigate the many possible configurations for cylindrical batteries within 

a pack, Yang [45] used a thermal model created on a computer. The research team led by Fan 

[46] came at the same conclusion. Cylindrical batteries had a comprehensive parametric 

study performed by Zhao [47] to better understand the effects of ambient temperature, 

ventilation kinds, inflow velocities, and distances between adjacent batteries. The findings 

led the researchers to the conclusion that the movement of air within neighbouring battery 

rows is less efficient when the wind direction is changed compared to when the airflow was 

unidirectional. It is important to note that the movement of air within neighbouring battery 

rows is not the same as the airflow that is produced by reciprocating airflow systems (as 

shown in Figure 1). 

The enhancement of cooling capabilities is contingent upon the inclusion of air flow as a 

crucial factor. However, Tong [48] conducted research that revealed an adverse consequence 

of raising parasitic load, which counteracts any potential benefits derived from augmenting 

air flow. The outlet and inlet flow duct geometries determine the cooling channel flow rate 

uniformity, which affects battery pack pressure drop, thermal distribution and cell 

temperature [49]. In order to achieve a more uniform and lowered temperature distribution 

across the battery, the air-cooling system of the prismatic Lithium-ion battery makes use of 

a pin-fin heat transfer mechanism, as shown in Figure 2 [50]. 

 

 

Fig. 1. Arrangement of (A) cell aligned, and (B) staggered [45] 
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Fig. 2. Battery Pin-fin heating plate [50] 

But the problem using time valves integrated into the BTMS, reciprocating airflow is an 

active system [52, 55]. This makes the system more complicated, which makes it less reliable 

and more expensive [51]. 

The optimal size of the inlet plenum was then determined through a parametric study, and 

effect repercussions of increasing the Reynolds number, thermal efficiency was investigated. 

The calculations show that the sweet spot for the Reynolds number is 7,440 [53]. The period 

also saw the development of other passive methods, such as jet inlets and vortex generators. 

The results of installing these inside battery improvement ventilation on the battery's leeward 

side were quite encouraging [54]. To create a vortex, jet inlets and generators are used the 

temperature gradient was narrowed to less than 5 degrees Celsius [55]. 

2.2 Liquid Cooling System 

Both heat capacity and thermal conductivity are higher in liquids than in air. Direct or indirect 

liquid BTMS cooling methods exist. To effectively maintain temperature, direct BTMS 

places an electrically insulating liquid in direct contact with the batteries [56-58]. However, 

since liquids are denser than air, they have a larger pushing strength. Furthermore, there is a 

substantial possibility of liquid leakage, particularly in large battery packs. The indirect 

BTMS, which uses cold plates to keep the fluids in place, was developed as a solution to 

these issues. After that, the batteries are topped with these cold plates [59]. At the moment, 

the use of cold plates is appropriate for prismatic and pouch batteries due to the fact that it 

readily conforms that these batteries have a rectangular shape [59-60]. Zhao also analyzed 

cold plates for cylinder batteries [47]. However, because cylindrical cold plates are so 

difficult to manufacture, the structure's complexity increased dramatically. Tesla's initial line 

of defense against this issue was the liquid cooling pipeline which ran along a side of 

batteries. A novel tablet battery design has been recently introduced batteries with very huge 

cylinders, with enhanced heat dissipation and reduced resistance characteristics. This enables 

the batteries to be directly affixed to the aluminium structure without necessitating the 

creation of distinct modules. The placement of cold plates has been modified to facilitate heat 

extraction from the batteries, with the plates being positioned both at the top and bottom. 

Aluminium cubes of varying lengths are used for each battery, Rao and his colleagues [61] 

created a liquid-cooled BTMS that is designed to work with cylindrical batteries.  

The tubes carrying the liquid were embedded in the aluminium blocks that made up the 

battery bank. When compared to a block of length-uniform aluminium enhanced temperature 

consistency by 6% for every 1 mm in length, 14% for every 2 mm, and 28% for every 3 mm. 
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For cylindrical batteries, Zhao [62] created a number of liquid cooling designs. Two of them 

demonstrated a noticeable improvement in batteries and the battery pack temperature 

uniformity. A numerical analysis contrasted parallel and cross flow plates. After multi-

objective optimization, cross flow plate reduced heat resistance by 20.23%, power needs by 

39.44%, and pressure drop by 39.44%. The production of eddies in the shunt channel 

increases flow channel mixing and cooling. The scientists found that a flowrate of 48 

millilitres/second per cold plate is necessary to maintain temperature homogeneity within 5 

◦C [63]. 

Nano-fluids have been used in order to improve the working fluids' thermal characteristics 

alongside traditional fluids for liquid cooling, thanks to the efforts of researchers. The authors 

additionally indicated that in order for the system to operate efficiently, it is necessary to take 

into account specific measures. The placement of a wired connection within a nano-fluid 

environment presents a vulnerability to potential harm, necessitating the implementation of 

protective measures such as the use of mini-channels. The aggregation of nanoparticles leads 

to the formation of clusters, resulting in a notable decline in the nano-fluid's thermal 

efficiency. Both the nano-fluid's and the container's boiling points should be considered 

during the design phase. Keeping the channel's geometry fixed, we investigate how changing 

operating conditions affect the battery or working fluid's temperature. Panchal (2017) 

conducted an experimental and numerical investigation of velocity distributions and a 

temperature of liquid coolants in a cooling plates mini-channel under varying discharge rates 

and coolant temperatures [59]. Since the maximum and average temperatures of liquid at 30 

°C lie within the 25-40 °C range that batteries generally run at, this temperature was found 

to be the most effective for cooling battery packs in the parametric analysis. Rao (2017) 

created a BTMS reliant on liquid cooling by affixing an aluminium block to a cylindrical Li-

ion battery in such a way that cooling water could circulate freely through it, as opposed to a 

usual method of attaching a battery cell with a cooling plate in the shape of a prism [61]. 

2.3 Direct Refrigerant Two-Phase Cooling System 

This BTMS includes a two-phase, direct-refrigerant cooling system [64]. Secondary 

liquid cooling systems with several circuits can benefit from this technique by integrating 

battery cooling into the already-existing vapor compression cycle. To accomplish this, as 

seen in Figure 3, an extra evaporator was built within the battery pack. By connecting the 

evaporator's refrigerant circuit to the existing vapor compression cycle, it can function in 

parallel with the AC evaporator. 

 

Fig.   . Two Phase Cooling of Direct Refrigerant  
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A secondary heat exchanger is thermally linked to the cells via fins with excellent thermal 

conductivity [65]. The primary difference between this method and the more common liquid 

glycol coolant used in fin-cooled secondary battery systems is the use of refrigerants. 

Additionally, the system has a built-in expansion mechanism. This part senses the heat load 

on the battery and regulates the flow of refrigerant to the auxiliary evaporator. The liquid 

coolant loop and chiller of the secondary liquid cooling system could be removed to reduce 

mass and size. This system has the ability to conserve both weight and space as a result of its 

elimination of the liquid coolant loop and chiller that are components of liquid-based 

secondary cooling system. The battery's thermal management can also make use of the 

constant temperature on the refrigerant side during evaporation. So, you can get a very even 

temperature spread across the battery by making sure the whole cooling surface is the same 

temperature. At a low flow rate, you can also keep the battery at the right temperature. Cabin 

air conditioning (A/C) and BTM have different load characteristics, having two evaporators 

sharing a refrigerant circuit can cause complications. The thermal comfort of passengers may 

be compromised in the case of a collision due to the prioritization of refrigerant usage for the 

body temperature management (BTM) system, which is primarily implemented for safety 

purposes [66]. The correct refrigerant flow control method is crucial. Because the compressor 

must run regardless of cabin AC, this method can use a lot of power. Finally, without a heat 

pump system, battery heating is problematic without auxiliary heaters. Direct refrigerant two-

phase cooling systems for BTMS have only been tested a handful of times. How the battery 

reacted to high temperatures during the New European Drive Cycle (NEDC) in 2012 was 

studied by Krüger, who used R134a and R1234yf in a direct refrigerant cooling system [67]. 

According to research, both refrigerants kept the battery's Tmax below 40 °C throughout 

NEDC, however the R1234yf cycle causes a 2 K reduction in battery temperature. During 

the NEDC, the R134a cycle required 60 kJ of energy for battery cooling, which is roughly 

40% less than the R1234yf cycle required. Prior to the Li-ion battery's thermal runaway 

becoming uncontrollable, Kritzer (2014) looked into the possibility of using the air 

conditioning system's CO2 refrigerants to meet emergency cooling requirements [68]. They 

used an extra tube circuit to route refrigerant from electrical current to the battery, 

overcharging a standard 4-amp-hour battery to 85% SOC at a charge rate of 5C before 

cooling it with a burst of amplify for 20 seconds CO2 (50 gram). After the CO2 pulse ended, 

the surface temperature of the cell climbed again from its low point at -49 degrees Celsius. 

Until simpler, better heat transfer, and cheaper technologies are developed, it is expected that 

further research will be conducted on electric vehicles' battery-powered climate control 

systems. 

2.4 Heat Pipe Cooling System 

Heat-pipes have found extensive application in many commercial and industrial settings as a 

means of effectively regulating temperatures within acceptable thresholds. Their 

demonstrated heat conductivity efficiency is the main reason. These materials are known as 

‘thermal superconductors’ due to their 91× higher thermal conductivity than copper rods of 

the same size [69–71]. It can also keep the evaporator's surface at a uniformly stable 

temperature. In addition, this device's geometry is flexible enough to accommodate spaces of 

varying dimensions. These advantageous characteristics make heat pipe an attractive option 

for the refrigeration of HEV or EV batteries. 

2.5 Phase Change Material (PCM) Cooling System 

A phase change material is a substance that absorbs or emits heat by transforming from one 

state to another at a specific temperature [72, 73]. Phase change processes can take in or give 
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off a lot of heat with no net energy loss, making this useful in many industries, including 

energy and civil engineering [74–76]. Increases in battery energy density and capacity have 

made significant strides in recent years. As a result, BTMS has installed a reliable cooling 

system that makes use of numerous liquid-cooled channel systems. One disadvantage of such 

a system is that it increases the overall system complexity and the amount of electricity 

required to run the compressor. One way to lessen the consequences of these limitations is 

the PCM cooling system [77]. A PCM is often a solid block of material that has been 

machined or moulded to allow for the insertion of cells, as seen in Figure 4. 

 

Fig. 4. Phase Change Material Cooling System 

Additionally, the PCM has two plates on its bottom and top or left and right sides for heat 

dissipation. When charged or discharged, the battery cells generate heat, which is transported 

to the permeable cellular matrix, which is in intimate touch with cells because of temperature-

based conduction. Sensible heat absorption occurs first in PCM, and then as latent heat in 

increasing amounts, all the way up to the melting point in the last stage of the phase transition 

at a fixed temperature. This means it can take the high temperatures generated by the battery 

without overheating or experiencing large temperature variations [78]. But if only phase 

change material is used as BTMS, it can't work all the time if the PCM melts fully because 

of hot weather or the battery keeps charging and discharging [79]. Therefore, supplementary 

cooling devices that vent the PCM's heat to the atmosphere are crucial. LV's (2016) original 

design for venting PCM heat to the air was limited in its ability to do so by the use of low 

fins and the use of extended graphite, paraffin, and low-density polyethylene [80]. A brief 

review of the various strategies for preventing thermal runaway is presented in Table 2. 

Table 2. Brief overview of methods for avoiding thermal runaway. 

Cooling 

Method 
Study Type Major Finding 

Battery 

Shape 
Reference 

Air Numerical 

When comparing staggered and aligned 

battery placement, the former is 

preferable. 

Cylindrical [45], [46] 

Air Numerical  
Reciprocating airflow allows for 

temperature uniformity of −4 °C. 
Cylindrical [52], [81] 

Air 
Numerical & 

Experimental 

Putting air tubes around each battery 

ensures a consistent temperature within a 

tolerance of 3 degrees Celsius. 

Cylindrical [82] 

Air 
Numerical & 

Experimental 

When the inlet is at the top and the exhaust 

is at the bottom, the cooling effect is 

maximized. 

Cylindrical [83]–[86] 
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Air 
Experimental 

& Numerical  

Maximum cooling efficiency is attained 

by the cells' cuboid shape. 
Cylindrical [83] 

Air 
Numerical & 

Experimental 

Injecting jet inlets and vortex generators 

into the unidirectional airflow keeps the 

space's temperature under 5 °C. 

Cylindrical [54], [55] 

Liquid Numerical 
Increased battery contact area produces 

0.7 °C temperature uniformity. 
Cylindrical [62] 

Liquid Numerical 

Avoiding clustering, shielding wires, and 

taking into account the nano-fluid's 

boiling point are all necessary for their 

utilization. 

Cylindrical [87] 

Liquid Numerical 

Perfected "fork" cold plate design. 

Temperature homogeneity below 5 °C 

requires 48 mL/s. 

Prismatic [63] 

Liquid Numerical 

A changing aluminum block with a 3 mm 

linear gradients achieves temperature 

homogeneity below 5 °C. 

Cylindrical [61] 

Liquid Numerical 

The cooling and temperature homogeneity 

are enhanced when the liquid is mixed 

utilizing Tesla valves. 

Prismatic [88] 

PCM Numerical 
It's not a good idea to utilize refrigerators 

to cool down the superheated state. 
Cylinder [89] 

PCM Experimental 

This new paraffin-coated graphene nickel 

foam-based phase change material (PCM) 

has a thermal conductivity that is 23 times 

higher than that of pure paraffin. 

Cylinder [90] 

PCM Numerical 

Propane, ammonia, R134a, and hydrogen 

are used in a novel liquid PCM method. 

Optimal operating temperatures call for a 

wide range of pressure, temperature, and 

liquid volume configurations. 

Cylindrical 

& 

Prismatic 

[91]–[94] 

PCM Experimental 
Ideal EG concentration in paraffin-based 

composite PCM is 7%. 
Cylindrical [17] 

Hybrid 

(Air & 

Liquid) 

Numerical 

Each battery had a fluid jacket, and 

passive air-cooling maintained 1.3 °C 

temperature uniformity. 

Cylindrical [95] 

Hybrid 

(Air & 

Liquid) 

Experimental 

Water evaporation, convective air 

movement, and conductive heat transfer 

are all utilized in a novel approach. 

Cylindrical [44], [96] 

Hybrid 

(Liquid 

& PCM) 

Experimental 

PCM thickness of 0.65 mm and liquid 

flowrate of 54 mL/min create 1 °C 

temperature uniformity. 

Prismatic [97] 

Hybrid 

(Mist 

Cooling) 

Numerical 

To keep the temperature below 40 degrees 

Celsius, a mist with a 3% humidity and a 

mass flow rate of 5 g/s are needed. 

Cylindrical [98] 

3 Challenges and Limitations 

3.1 Challenges 

There are several challenges that need to be addressed when it comes to BTMS. These 

challenges are depicted in detail in figure 5. 
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Fig. 5. Challenges associated with BTMS 

 

Maintaining an even temperature distribution is a significant challenge for BTMS. It is 

challenging to keep the cell temperature stable for any battery system. This becomes more 

complex with larger battery packs in EVs and energy storage. Each cell in large arrays has 

distinct heat profiles, leading to temperature disparities affecting performance and safety. 

It is crucial to prevent thermal runaway. A battery cell's self-sustaining, exothermic process 

can cause catastrophic failures if left unchecked. Early diagnosis and prevention of thermal 

runaway are vital due to its seriousness. Without proper protection, a thermal runaway in a 

single cell can potentially eradicate an entire battery system. 

As technology advances, batteries become smaller and more powerful. While advantageous, 

this trend complicates assimilation. Integrating an efficient BTMS into these compact and 

high-capacity batteries is challenging. Integrating the battery without compromising its form 

or function is complex. 

Material compatibility is essential for heat management in batteries. These compounds may 

interact with battery components, reducing efficiency or posing safety risks. Finding 

materials that handle heat and work with battery chemistry is complicated. 

The operation of batteries is dynamic, and BTMSs must adapt to many internal and external 

factors. A BTMS that can adjust to external factors like ambient temperatures is needed. 

Internally, battery charging and discharging rates add complexity. The BTMS must be 

resilient and adaptable to maintain appropriate thermal conditions in both scenarios. 

Due to its high cost, the efficiency-cost dilemma arises when implementing modern BTMS 

solutions with advanced features and materials. Manufacturers and consumers must balance 

the performance benefits of these modern systems against their costs. Finding a balance 

between cost and efficient heat control is difficult in the field. 

3.2 Limitations 

There are several limitations that need to be addressed when it comes to BTMS. These 

limitations are depicted in detail in figure 6. 
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Fig. 6. Limitations associated with BTMS 

Energy management is vital to Battery Thermal Management System development and use. 

When active, BTMS consumes more energy as it utilizes liquid coolants or fans for cooling 

purposes. This may seem minor, but it always uses the energy reserves the system is designed 

to maximize. Regulating the battery's temperature using active management strategies 

reduces its net energy production and creates an efficiency problem. Maximizing temperature 

regulation with little energy loss is difficult. 

When integrating BTMS components, carefully considering the design and structure is 

important. This will guarantee a successful integration process and seamless component 

operation. Post-integration, the battery system is more extensive and heavier. Mobile 

applications have substantial obstacles, yet stationary applications may not. Even the smallest 

amount of weight can make a significant difference when it comes to electric cars, drones, 

and portable electronics. BTMS components can increase weight and volume, affecting 

mobility, energy efficiency, and design aesthetics. 

With BTMS integration, maintenance is another consideration. Systems with moving parts 

or liquid coolants require frequent maintenance, including check ups, replacements, repairs, 

and monitoring. If maintenance needs are not promptly addressed, commercial applications 

and end-users may suffer longer downtimes, higher expenses, and shorter system lifespan. 

Any technology that wants to change the market needs scalability. Scaling a BTMS system 

can be a difficult task. A system built for a smaller battery module may fail with larger packs 

or arrays. This goes beyond adding components and cooling. Heat distribution, energy 

management, and efficiency throughout a broader range are critical. While BTMSs may 

perform well in lab settings, their real-world scalability is an issue. 

BTMS is also full of innovation, introducing new solutions quickly. However, rapid technical 

developments often exceed long-term testing. Several modern BTMS methods, while 

promising on paper and under controlled conditions, have yet to be tested in real life. Their 

long-term reliability under changing conditions has yet to be discovered. This presents issues 

for manufacturers and consumers who must assess the longevity and reliability of their 

investments. 

The environmental impact of BTMS is crucial. The global focus on sustainability and eco-

friendly technologies requires that any new system, including BTMS, be assessed for its 

ecological impact. Some coolants are environmentally harmful despite being thermally 

efficient. They may not biodegrade or emit toxic pollutants. Some BTMS materials may be 

challenging to recycle or dispose of. Combining efficient thermal management with 

environmental care becomes essential as we move toward a greener future. 
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4 Conclusion 

The Li-ion battery is considered a promising battery technology for electric vehicle (EV) 

applications due to the advantageous properties of lithium, such as its has a strong negative 

potential despite its modest atomic weight. Lithium-based batteries offer electric vehicles 

(EVs) superior performance attributes regarding both distal reach and rate of acceleration. In 

addition to possessing a high-specific energy, lithium-ion batteries exhibit exceptional 

potential for extended lifespan. Furthermore, the typical configuration and elevated voltage 

of the Li-ion battery render it a highly promising and cost-effective energy storage solution. 

Air cooling technology is frequently employed in numerous applications of Li-ion batteries 

due to its cost-effectiveness, ease of maintenance, straightforward construction, and minimal 

parasitic energy resulting from the low viscosity of air. Nevertheless, the effectiveness of air-

based BTMS is contingent upon their application in small-scale battery packs and mild 

environmental temperatures. However, these systems encounter challenges when confronted 

with high-power outputs and harsh ambient temperatures, leading to potential failures. Liquid 

cooling systems have the potential to exhibit superior cooling performance compared to cabin 

air cooling systems due to their utilization of a liquid medium possessing a higher heat 

capacity in contrast to air. Nevertheless, this system exhibits certain drawbacks including 

heightened intricacy, elevated cost, and increased weight as a result of the incorporation of 

heat exchangers and circuitry. When compared to single-phase heat exchange systems like 

those used to compared  secondary liquid loop cooling systems, the improved effectiveness 

of cooling at low flow rates achieved by the Direct refrigerant two-phase cooling system uses 

refrigerant heat exchange. Furthermore, the system has the capability to enhance simplicity 

and decrease mass by obviating the necessity for fluidic circuits and supplementary heat 

exchangers. The heat pipe cooling system exhibits enhanced heat transfer efficiency 

compared to conventional phase change materials (PCM) owing to its superior thermal 

conductivity. However, in order to address the limited space where the heat pipe makes 

contact with the battery, it is necessary to integrate a cooling plate into the system. The phase 

change mechanism employed by PCM cooling systems enables efficient absorption of 

substantial battery heat without significant energy expenditure, maintaining a consistent 

temperature. However, the low thermal conductivity of presents difficulties for this system 

of phase change material (PCM), the persistent heat load on the battery following the repeated 

melting and solidifying cycles, PCM phase transition completion, PCM leakage, volume 

variations, and lack of internal homogeneity. Due to differences in battery type, capacity, and 

operating circumstances, it was concluded after a thorough evaluation of numerous BTMS 

that a direct comparison between each system was not viable. However, a study was done to 

weigh the benefits and downsides of each strategy. Thus, to improve the performance of the 

BTMS, an adequate BTMS must be chosen for the intended use of the EV, and multiple 

systems may be used to compensate for any limitations. The thermal load of electrical vehicle 

batteries is predicted to rise in the future due to the higher energy density of EV batteries. 

This means that the BTMS will eventually combine heat pipe technologies, thermoelectric 

systems, and direct two-phase refrigerant cooling with phase change material (PCM). 
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