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Abstract—This research tackles the fundamental challenge of heat dissipation in high-power-density systems 

by investigating innovative thermal management strategies for power electronics in electric vehicles (EVs). As 

EVs become more dependent on compact, efficient, and reliable power converters, efficient thermal control 

becomes essential to sustaining system performance, prolonging component life, and guaranteeing safety. The 

study assesses both traditional techniques, i.e., air and liquid cooling, and newer technologies like phase-change 

materials (PCMs), heat pipes, and advanced composites. Comparative analysis shows trade-offs between cost, 

efficiency, and scalability. The article also suggests novel solutions such as machine learning-based thermal 

management and coupled cooling architectures to maximize heat transfer. Recent progress in materials—wide-

bandgap semiconductors—too is reviewed for its effect on thermal design. 

 

Index Terms—Thermal Management, Power Electronics, Electric Vehicles, Cooling Techniques, Heat 

Dissipation 

I. Introduction 

Thermal regulation of the key power electronics modules like battery packs, inverters, and motors is 

essential for maximizing efficiency and preventing degradation. Maintaining the operating temperatures of these 

parts within safe limits is vital to prevent premature wear and tear and to prevent thermal runaway, which may 

lead to disastrous consequences. The battery thermal management system is especially vital because temperature 

changes affect the flow of ions significantly and influence the entire state of the battery. Ensure that the cells 

operate within their optimum temperature range between 15°C and 35°C. This is absolutely essential for optimal 

functionality (Chunhua & Wei, 2019). 

II. Background 

Power electronics including inverters and DC-DC converters constitute the foundation for the working 

principle of electric vehicles. Higher heat generation results from higher power density, making it difficult to 

achieve high reliability and safety levels. This makes sure that reliability and safety as well as compliance with 

automotive industry standards like ISO 26262 are achieved through thermal management. 

A. Problem Statement 

It is challenging to cool compact EVs due to their design and operating temperatures ranging from -40°C 

to 150°C. The scalability of advanced cooling systems is restricted due to high costs and complexities. 

B. Objective 
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Analyze existing heat management techniques. Come up with innovative solutions for EV electrical 

systems. Analyze performance metrics like cost-effectiveness, energy efficiency, and thermal resistance. 

C. Scope 

Exclude the management of battery temperature; limit yourself to considering inverters and converters, 

with an emphasis on auto-grade products. 

Key Point: Highlight the specific challenges relating to the thermal aspect in the area of EVs compared to 

regular cars, setting the stage for further discussion on possible solutions. 

 

III. Overview Of Power Electronics In EV's 

Power electronic devices such as inverters and DC-DC converters play an important role in energy 

distribution and controlling the electric motors in EVs. The converter is responsible for turning the DC from the 

battery into AC for the motor, involving high-frequency switching operations and generating heat. At the same 

time, DC-DC converters ensure voltage regulation by adjusting voltage levels according to the needs of 

individual subsystems. Modern EVs rely heavily on lightweight solutions, hence placing additional thermal load 

on those parts. They operate in tight spaces and under high power, and thus require thermal management. The 

deployment of wide bandgap semiconductors, namely silicon carbide (SiC) and gallium nitride (GaN), is on the 

rise because of their high efficiency and fast-switching characteristics compared to traditional silicon 

semiconductor components. However, in line with these advantages come the challenges posed by higher 

junction temperatures, normally above 150°C, particularly for SiC MOSFET devices. The absence of sufficient 

cooling solutions leads to reduced efficiency and shorter lifespans of electronic equipment. Moreover, there is a 

need for advanced cooling methods to accommodate the harsh operational environments experienced by power 

electronics in electric vehicles, which include repetitive loading from acceleration and regeneration processes, as 

well as exposure to vibrations, humidity, and dust. 

 

IV. Thermal Management System Using Conventional Technology 

A. Air cooling 

Despite its limitations, air cooling remains one of the easiest ways to manage thermal energy in 

automobiles' power electronics. In essence, air cooling takes advantage of either natural convection or fans, 

whereby air flows across heatsinks, consequently helping to cool down key components through the transfer of 

heat. As discussed, the main challenge with air cooling is that air has poor thermal conductivity properties, 

forcing heatsinks used in the process to be large enough to facilitate adequate cooling. Such large designs can 

make them too heavy, and thus unsuitable for application within electric vehicles with compact form factors. 

But air cooling is a great and cost-effective solution for low-powered electric vehicles. 

B. Liquid cooling 

Electric vehicle's liquid cooling refers to the technique of circulating liquid coolant within the battery and 

power electronics of electric cars to reduce heat. 

C. Trade-offs 

Air cooling, although simple and inexpensive, is not scalable with increasing power consumption due to its 

relatively low heat-carrying capacity, leading to higher operating junction temperatures at higher loads. For 

instance, a theoretical inverter at 50 kW would experience junction temperatures as high as 125°C when fully 

loaded, with very little excess capacity remaining. Large and impractical heatsinks must be utilized to provide 

additional cooling capacity, thus compromising design space. In this regard, air cooling is ideal only for low- to 

medium power applications where costs outweigh system efficiency. On the other hand, liquid cooling reduces 

the temperature of junctions by around 20-30°C when compared to air cooling in the same operational 

condition. With a 50 kW power rating, liquid cooling brings down the temperatures to about 95-100°C, making 

the system significantly more reliable and efficient. However, it is expensive to implement, requiring pumps, 
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pipes, as well as seals to maintain the integrity of the system. Despite the added weight and cost, liquid cooling 

remains popular in high-end electric vehicles since it helps dissipate heat more effectively. 

 

V. Emerging Thermal Management Techniques 

As EVs become more powerful, their thermal requirements exceed those that traditional cooling methods 

can meet, thus necessitating advanced cooling technologies. 

A. Phase-Change Materials (PCMs) 

Among the promising methods of passive cooling, one can single out the use of phase change materials 

(PCMs) that can store and absorb heat during the change of phases, typically from the solid to the liquid state. 

The key benefit of PCMs is their ability to store substantial amounts of energy without using any auxiliary 

cooling system. The main challenge with using PCMs for cooling lies in the problems of integration into small 

electronic units because of the mechanical incompatibility and low cycle life time. Regardless of the drawbacks, 

the PCM-enhanced cooling technique (e.g., the use of heatsinks combined with PCM) has demonstrated the 

possibility of delaying the rise in temperatures for five to ten minutes. The time gained through the use of PCMs 

becomes important in case of thermal peaks during driving in a crowded urban environment. 

B. Heat Pipes 

Another form of light and passive cooling technology is that of heat pipes which operate based on the 

principle of using a closed circuit cycle of evaporation and condensation to transfer heat quickly. In spite of its 

light weight, it has a good ability to transfer heat energy due to its internal mechanism which is much better 

compared to normal solid metals such as copper. Heat pipes are thus a great choice for systems where there is 

limited space available, such as small inverters. For instance, to promote efficient heat dissipation at specific 

areas, micro heat pipes can be incorporated into inverter cases. However, their production might prove 

expensive compared to basic cooling solutions, and the degree of flexibility in designing them would be limited. 

C. Advanced Materials 

Compared to normal thermal pastes, the modern TIMs consisting of fillers such as graphene or similar 

materials exhibit reduced thermal resistance of about 50 percent. This leads to improved performance in terms 

of transferring heat between power devices and heatsinks. 

D. Integrated Cooling Architectures 

1) Direct Die Cooling: 

This advanced approach eliminates several heat transfer stages by ensuring that the cooling liquid comes 

into direct contact with the semiconductor chip. The reduced temperature gradient between the heat source and 

the cooling medium ensures precise heat management, which is necessary for high-powered systems. 

2) 3D Printed Cold Plates: 

Tailored cold plates with efficient internal cooling channels can be fabricated using advanced 

manufacturing techniques. With no increase in volume, they can be customized according to the heat stress 

profile of each component, thereby minimizing dead space and improving the effectiveness of the cooling 

medium. 

While each of these new technologies has its own strengths, it is likely that their scalability to car designs 

and compliance with automotive reliability requirements will affect their adoption rates. For instance, high-

performance electric drive trains are more appropriate for enhanced TIMs and direct-die cooling, while city EVs 

might require approaches such as PCMs to buffer transient heat loads. The success of these technologies in the 

competitive EV segment requires considerations of costs, manufacturability, and longevity. 
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VI. Novel Approaches And Future Directions 

In light of the increasing demands being made on electric vehicles, there exists a clear need for better 

thermal management systems that will increase flexibility and intelligence in the process. Apart from improving 

present systems, there are also innovative ways that the future of heat dissipation requires that the way heat 

generation, absorption, and dissipation be rethought through interconnected and sustainable technology. 

A. Hybrid Cooling systems 

As the name suggests, this form of thermal management combines both active and passive heat dissipation 

strategies, thus giving the strengths of the two. Hybrid cooling systems use phase change materials (PCMs) and 

liquid cooling to address the challenges presented by either steady state or transient thermal loads. In particular, 

PCMs are used in hybrid cooling systems to help reduce the thermal load experienced by the liquid coolant 

when rapid changes occur. For instance, PCMs can capture the heat generated in the very first instant of sudden 

acceleration in an EV, which helps reduce the work done by the coolant pump. This strategy could save up to 15 

percent of the energy spent on active cooling of a hypothetical 75 kW EV inverter. 

B. Machine Learning for Thermal Optimization 

Heat regulation may move from reactive to predictive thanks to machine learning. Heat events can be 

anticipated, and proactive adjustments to coolant flow rates or fan speeds can be made based on vehicle use 

statistics, such as driving speed, terrain, and energy use, using machine learning algorithms. This not only 

decreases the amount of extra energy required but also enhances thermal stability. Compared to traditional static 

control methods, ML-powered control systems have demonstrated a 10–20% improvement in thermal 

management efficiency. 

C. Additive Manufacturing in Thermal Design 

Geometric Customization for Performance Enhancement: Additive manufacturing technologies like 3D 

printing metal and composite heatsinks are capable of creating highly sophisticated internal geometries that 

boost heat dissipation efficiency by up to 30 percent when compared to the standard machining processes used 

in producing conventional heatsinks. 

Rapid Development Cycle: In addition to enhancing performance, the technology makes it feasible to 

design customized cooling systems for specific EV models rapidly. It's particularly helpful for startups and 

small businesses because of its quick turnaround time and lower upfront investment in research and 

development. 

D. Sustainable and Cooling Solutions 

Bio-Based Coolants: Bio-based, biodegradable or non-toxic coolants are gaining popularity because of the 

trend towards sustainability. They reduce the risk for the environment in case of leakage and/or disposal but at 

the same time, perform on par with traditional coolants in terms of heat transfer. Recyclable Materials: Thermal 

systems become more compatible with the overall goals of the circular economy if recyclable composite 

materials are applied in heat sinks and housings. They can bring benefits not only from the regulatory but also 

from the environmental point of view since requirements for end-of-life car recoveries become stricter. 

E. Challenges and Considerations 

Despite all promises that new approaches hold, there are barriers to adoption. Cost performance balance 

remains one of the key challenges especially in the case of mass market electric vehicles where cost sensitivity 

is very high. Furthermore, standardization of thermal subsystems makes supply chain integration and scaling 

even harder. Dependability requires rigorous testing which becomes even more important in case of sensitive 

components such as ML controllers or PCMs. 

The integration of predictive algorithms, smart materials, and additive manufacturing technologies is 

expected to merge into hybrid systems that will work in tandem with one another in the coming years. By 

keeping the weight and size of the system constant at its current level, a hybrid design combining the micro-

channel cooled base plate and PCM multi-layer shield with machine learning-based control can save up to 25 

percent energy in terms of thermal management. 



 

Anusandhanvallari 

Vol 2024, No.1 

January 2024 

  ISSN 2229-3388 

 

 

 

Available online at https://psvmkendra.com                                   
 

3691 

VII. Case Study 

A. Tesla Model S – Implementation of Liquid cooling for Inverter Modules 

1) Background: 

The highly dense power drive inverter used by the high-end electric Tesla Model S requires advanced 

thermal management for reliable performance under long-range cruising and quick acceleration. 

Regarding the Thermal Management Approach: Below the inverter modules using IGBTs, Tesla deploys a 

liquid-cooling aluminum plate. The closed-loop circulation system ensures that even in continuous operation, 

the device junction temperature is kept well below the vital 125-degree mark by circulating a water-glycol 

coolant mixture. 

 

The result and insights gained from this case study are that during peak highway conditions, the liquid 

cooling system allows the inverters to stay at temperatures between 85 and 95 degrees Celsius. Thus the inverter 

is able to operate closer to its highest operating frequency without derating because of temperature. Apart from 

ensuring temperature uniformity, this also enhances performance by providing thermal stability to the Model S. 

Moreover, the use of this technology allows for the Model S to achieve greater than 400kW power output. 

The Key takeaway from this is that for high-end EV platforms requiring more power capabilities beyond 

air-cooled systems, this study illustrates the benefits of direct contact liquid cooling. 

B. Nissan Leaf – Passive Air Cooling in Entry-Level EV Powertrain 

1) Introduction: 

Being one of the best-selling cars in the segment of affordable electric vehicles, the Nissan Leaf has been 

designed with cost-effectiveness in mind. The above fact had its effect on the choice of passive air cooling for 

power electrical components, among which on-board charger and inverter were included. 

Discussing the approach to Thermal Management: In the process of cooling of the inverter and associated 

electronic equipment, the Leaf utilizes forced and natural air convection, heat sinks, as well as ambient airflow. 

Due to the absence of pumps, liquids, or moving coolant lines, the technology makes system maintenance more 

cost-effective and simple. 

Speaking about Performance Observations: Air cooling technology is able to maintain the power module 

at a relatively low temperature within acceptable operating levels for moderately powered vehicles. However, 

during high-speed driving or traveling up steep slopes, inverter temperature may exceed the level of 115-120°C, 

and further thermal throttling will become necessary. 

Takeaway from This Case: One can observe that despite the feasibility of air cooling systems for 

moderately powered electric vehicles, their limited thermal range makes it unsuitable for high-powered vehicles 

or those operating in hot environmental conditions. 

C. Hybrid Cooling for SiC Inverter of Electric Bus   Company 

1) Introduction: 

The power electronics applications in urban transport systems, such as the electric bus company, are 

subjected to extreme thermal stresses due to extended operations, frequent acceleration and deceleration events, 

and limited ventilation in confined engine spaces. To ensure optimal performance and reduce overall weight, an 

innovative approach by a leading European manufacturer of electric buses incorporated Silicon Carbide (SiC) 

MOSFET-based inverters. However, such an advancement posed novel thermal challenges since SiC transistors 

can operate at high junction temperatures, usually beyond 150°C. 

Thermal Management Strategy: To satisfy the stated conditions, the company developed a hybrid thermal 

management technique. The proposed method entails combining liquid cooling as a means to manage constant 

thermal loads from the power modules while strategically placing the phase change material (PCM) layers near 

the source of the thermal load. With liquid coolants functioning to provide regular thermal management 



 

Anusandhanvallari 

Vol 2024, No.1 

January 2024 

  ISSN 2229-3388 

 

 

 

Available online at https://psvmkendra.com                                   
 

3692 

processes, the PCM layers act as buffers to power surges, for instance, when climbing a steep hill or operating in 

congested traffic environments. 

Concerning Performance Insights: Real-world evidence indicates that even with prolonged use, this design 

still succeeds in keeping the temperature of inverters within the range of 90°C to 100°C. The liquid cooling 

system has the ability to take some time before it reaches its maximum capacity for coolant flow because of the 

PCM layer; this helps prevent excessive temperatures for seven minutes or longer. Prolonged performance and 

minimized wear on the system are achievable through a reduction of 12 percent to 15 percent in energy required 

for thermal management. 

Conclusion: Hybrid cooling systems in heavy duty electric vehicles are possible according to this example, 

especially when using wide bandgap semiconductors such as SiC. Thermal reliability is ensured in this system 

through passive energy management and thermal control predictions. 

 

VIII. Mathematical Concepts 

1) Basic Heat Transfer Equation for Thermal Modelling: 

Use the Fourier's Law of Heat Conduction to explain how heat moves through a substance, such as a cold 

plate, TIM, or heat sink: 

Q = -k · A · ( 
𝑑𝑇

𝑑𝑥
 ) 

where, 

Q : Heat Transfer Rate (W) 

k : Thermal Conductivity (W/(m·K)) 

A : Cross-sectional area (m²) 

dT/dx : Temperature gradient (K/m) 

 

2) Thermal Resistance Network (R-θ) Analysis: 

The concept of thermal resistance to model the total resistance from junction to ambient: 

(T_jun) = T_ambient + (P · R_θJA) 

 

3) Temperature Reduction Impact Equation (for Performance): 

MTTF = E_a / e^(kT) 

 

IX. Comparative Analysis Of Thermal Management Techniques 

Thermal management systems in electric vehicles require customization based on the type of application, 

the required financial goals, and the density of power to be achieved. This paper presents a comparison analysis 

of different thermal management techniques used in electric vehicles. 

A. Comparison Based on Performance 

Key elements of air-cooling, fluid-cooling, PCM-enhanced designs, and advanced hybrid approaches have 

been listed in Table I. Heat effectiveness, cost, dimensions, complexity, and flexibility are some of the factors 

considered. 
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Table 1. Comparison of Thermal Management Strategies 

B. Main Trade-Offs 

While air-based cooling technologies are favored because of their low cost and simplicity of 

implementation, they suffer from low values of heat transfer coefficient and require large heat sinks. Since 

liquid-based cooling has higher power density and thermal conductivity, it can be applied in inverters with high 

values of power and switching frequency. The performance benefits offered by the system include temperature 

spiking mitigation and energy conservation. Hybrid technologies utilizing PCMs offer advanced performance 

for demanding applications. 

 

X. Thermal Management For Cabin In Ev 

In Electric Vehicles (EV), the HVAC system is accountable for maintaining occupant safety and comfort. 

It is important that proper control should be done on cabin air since an increased level of carbon dioxide will 

lead to reduced driver awareness that increases the chance of getting involved in a traffic accident. 

Cabin air temperature and humidity depend on many parameters such as HVAC output, metabolic heat, 

operational heat, and ambient heat exchange. 

Cabin thermal management is especially important in EV due to its effect on driving range. Studies 

showed that HVAC power consumption may lower vehicle range by up to 50% when driving in cold conditions. 

In contrast to Internal Combustion Engine (ICE) cars, where waste heat is used for heating purposes, EV needs 

an additional source of heat due to efficient engines that produce very little amount of extra heat. 

One of the popular heaters used in EVs is Positive Temperature Coefficient (PTC) heater with a rating 

power of 5-10 kW. According to research, during the standard driving cycle, the HVAC power consumption in 

EVs lies within 3-7 kW depending on the size of the vehicle (small or SUV). Heat pumps are often used to 

reduce the amount of energy consumption in mild climates (above -10°C) and new technologies suggest that it 

may also work in very low temperatures (-30°C). To improve efficiency, current HVAC systems could combine 

heat recovery techniques with the electrical powertrain technology and, where necessary, include a heat pump 

along with a compact PTC heater. 

As a result of its complex geometry and multiple heat and moisture sources and sinks, modelling the 

cabin's thermal behavior is quite difficult. While computationally intensive, high fidelity CFD-based simulations 

are used for designing HVAC systems. To overcome this challenge, reduced-order models, also called surrogate 

models or 1D/3D hybrid simulations, have been developed to find a compromise between computational 

complexity and accuracy. Moreover, for system-level modelling, reduced physical models capable of 

representing both the stationary and dynamic thermal behaviors of the system, are employed to resolve this 

problem by achieving an optimal compromise between computation speed and precision. 
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XI. Models For The Temperature Behavior Of Batteries 

There have been many research studies regarding modeling the temperature behavior of battery 

cells/packs, as a result of extensive work carried out on this topic. An accurate temperature model is required for 

effective thermal management of battery systems. 

The heat transfer of a battery pack can be effectively modeled based on the internal heat produced as well 

as the heat loss conditions. Models of battery thermal performance require the inclusion of the thermal 

properties, electrical characteristics, and electrochemistry of the battery. 

Heat produced in a battery cell is a function of the electrochemical reaction that takes place under certain 

operational conditions and temperatures. Depending on the degree of coupling between various domains of the 

battery, its models can be categorized as coupled, uncoupled, and partially coupled. 

Reversible and irreversible heat is produced in battery cells. Reversible heat occurs as a consequence of 

entropy change due to electrochemical reactions taking place at the cathode and anode electrodes. The effect of 

reversible heat production can be ignored since it is minimal over the entire charging-discharging cycle. 

Irreversible heating, on the other hand, remains the key contributor and results from: 

•  Restrictions on mass transfer 

•  Overpotential for charge transfer at the solid electrolyte interface 

•  Losses associated with resistance in both solid and electrolyte media 

The equivalent resistance of the battery consists of resistive, capacitive, and inductive elements. It depends 

on frequency and working conditions. 

Different methodologies can be employed for battery modeling; however, the level of accuracy and 

computational effort required varies considerably. 

A. Battery Modeling Methods 

The following are the typical battery modeling methods: 

• Equivalent Circuit Models: The battery cell is represented by an equivalent circuit through the use of basic 

electrical components. In the case of the RC model, the cell is represented as a voltage source with resistors and 

capacitors in parallel configuration. The RC model needs only a limited number of parameters for calibration 

and is able to predict energy loss at a low computational expense. Hence, it is extensively utilized in vehicle 

thermal management system-level design. Other equivalent circuit models are the Thevenin model, Rint 

(internal resistance) model, and PNGV (Partnership for a New Generation of Vehicles) model. 

• Electrochemical Models: Chemical reaction and charge transport inside the battery cell are modeled using 

electrochemical models. The P2D (Pseudo Two-Dimensional) model is based on the porous electrode and 

solution theory and is highly accurate but computationally expensive, particularly for extended simulations. In 

order to decrease computational costs, simplified versions such as the PP (porous electrode model with 

polynomial approximation) model have been proposed. On the other hand, the SP (single particle) model does 

not consider lithium ion migration within the electrolyte but offers fast calculations. 

•  Coupled Thermal Models: Such models integrate electrochemical phenomena and thermal characteristics to 

realistically model internal processes within batteries. A simplistic model would be the lumped thermal model 

that assumes uniformity of temperature within the entire cell. For a higher level of complexity, such models take 

into account spatial differences in temperature due to their thermal characteristics and heat generation within the 

cell. 

B. Battery Thermal Management Models 

In addition to the battery's thermal model, computational models of the thermal management system have 

also been created. The heat management system is taken into account as a boundary condition for the battery 

model in simpler models. While conduction is the most common mechanism when cells come into contact with 

a solid conductive medium (also known as indirect cooling or PCM), convective and irradiation processes can 
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be taken into consideration for direct cooling. This method is used for system-level simulations and has a 

minimal computational time requirement. Detailed 3D models are used to create the battery's heat management 

system. 

The design of a forced air battery thermal management system is examined using a decoupling quasi-

transient lumped thermal model. A lumped model of individual cells combined with CFD simulations has been 

used to determine the optimal cell arrangement for a direct analogy forced-air battery thermal management 

system. A hybrid system of cooling using PCM and forced air has been studied using a similar methodology. 

ANSYS Fluent – a widely-used commercial program – has been employed to examine the heat transfer 

processes of batteries and heat pipes. 

 

XII. Conclusion 

The role of thermal management becomes vital in EVs for reliable and efficient operation. Various thermal 

management strategies developed specifically to deal with the heat issues arising in power electronics and 

battery units have been considered in this study. Due to its compact size and high switching frequency, 

considerable amounts of heat are produced by power electronic devices, such as inverters, and therefore require 

proper cooling strategies. 

Comparing air and liquid cooling systems, it became clear that although liquid cooling systems provide 

improved thermal performance, there is an extra weight, cost, and complexity involved compared to air cooling 

systems, which are more affordable but incapable of cooling large-scale power devices. Advanced solutions, 

such as phase change materials, heat pipes, graphene-based thermal interface materials, and cold plate 

integration have proven promising in dealing with transient thermal loads and enabling compact designs. Next-

generation thermal management systems are expected to have many opportunities through innovative 

approaches, such as additive manufacturing, predictive thermal optimization, and hybrid cooling systems. These 

advances are intended to allow smart and efficient systems with lower energy consumption and up to 30 percent 

higher thermal efficiency. 

A complete review of battery thermal models, which includes multi-scale electrochemical–thermal 

coupling models and equivalent circuit models, has been provided. Such models play a vital role in simulating 

the thermal behavior of batteries, controlling their operation, and preventing thermal runaway events. 

It is crucial to estimate the heat generated by the battery, which could be either reversible or irreversible, to 

prevent thermal runaway and poor battery performance. Combining thermal and electrochemical models ensures 

precise simulation under realistic conditions. 

The main findings of the study have been highlighted as follows: 

•  Liquid cooling technology is more effective than air cooling technology to lower the junction temperature by 

around 20–30°C. 

•  Phase Change Materials (PCMs) help enhance the system's stability by postponing the rise in temperature caused 

by acceleration by about 5–10 minutes. 

•  Using machine learning-based controllers leads to up to 10%–20% reduction in energy usage of the thermal 

management system. 

•  Electrochemical–thermal coupled models offer the highest precision in predicting the temperature of the battery. 

As the demand for EVs increases in the future, it becomes imperative to ensure that efficient thermal 

management solutions are scalable and sustainable. 
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