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ABSTRACT:

With the increasing use of electric vehicles (EVs), the need for efficient Battery Thermal Management
System (BTMS) is also increasing to maintain the safety, thermal stability, charging efficiency and
extended operational life of the battery. Lithium-ion batteries are highly sensitive to temperature
changes, high power operation and fast charging will generate a lot of heat that can speed up battery
degradation, reduce energy efficiency and increase the risk of thermal runaway. Thus, better thermal
management technologies are required for reliable operation of next generation EV battery systems.
This paper presents a comprehensive review of the recent progresses in battery thermal management
technology, with special focus on hybrid cooling systems, nano structured thermal materials and
thermal runaway mitigation strategies. In this paper a comprehensive review of the conventional
cooling techniques, such as air and liquid cooling, and the developing technologies, such as
nanoenhanced phase change materials (PCM), metal-foam-assisted thermal structures, heat pipe
cooling, immersion cooling, and hybrid cooling systems, is presented. Recent advances in thermal
monitoring systems, battery diagnostics, and improved temperature control technologies are also
presented. Furthermore, the paper highlights the importance of thermal barrier materials, self-healing
thermal composites, and environmentally sustainable dielectric fluids for enhancing battery safety and
thermal stability . A comparative assessment of various cooling solutions is provided in aspects of
cooling effectiveness, temperature uniformity, system complexity, energy consumption, thermal
runaway protection and practical implementation. This paper identifies major research challenges
related to the long-term durability of nano-enhanced PCM materials, large-scale implementation of
immersion cooling systems, and thermal management requirements of solid-state batteries. The review

concludes that hybrid cooling systems incorporating nano-enhanced PCM materials, immersion
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cooling technologies, heat pipes and advanced thermal monitoring techniques have enormous potential
to improve the safety, efficiency and performance of future electric vehicle battery systems. Future work
should address sustainable thermal materials, compact cooling structures and integrated thermal-

energy management strategies for next generation electric transportation.
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1.INTRODUCTION

The rapid development of electric transportation has accelerated the development of improved lithium-
ion battery technology. The modern electric vehicles need battery systems with high energy density,
fast charging, longer service life and better operating safety. However, battery performance is very
sensitive to the operating temperature. Heat generated during the charging and discharging processes
can speed up battery aging, lower efficiency, reduce battery life and raise safety concerns about thermal
runaway from excessive heat.

Traditional techniques for battery thermal management, such as air and liquid cooling, have been widely
used in commercial electric vehicles. But growing demand for high-capacity battery packs, ultra-fast
charging and smaller vehicle designs has revealed the shortcomings of existing cooling methods.
Therefore, present study has focused on advanced thermal management systems which combine
multiple cooling techniques, nano-enhanced thermal materials and advance sensing techniques to
enhance the thermal performance.This work reviews the recent advances in the battery thermal
management technology published from 2023 to 2026, and discusses the future directions for improving

the thermal safety and operational performance of the next-generation electric car batteries.

2. LITERATURE SURVEY :

2.1 Advances in battery thermal management system

The Battery Thermal Management Systems (BTMS) has been greatly evolved in the context of the
increasing battery energy density, charging rate and thermal load of modern electric vehicles. To ensure
good performance, safe operation and long service life, it is critical that the batteries be maintained at
the recommended operating temperature range of 20—40°C. Traditional cooling technologies have been
slowly evolving towards better thermal management strategies such as phase change materials, heat
pipes, immersion cooling systems, nanofluids and better thermal monitoring techniques.Akkus and Isik

[1] presented a comprehensive review on lithium-ion battery thermal management methods and
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indicated that liquid cooling systems can achieve better thermal control than conventional air-cooling
methods, especially under high-rate charging conditions. Murugan et al. [4] also found that the
optimized coolant flow distribution and the improved cooling channel topologies have a significant
influence on the increased temperature uniformity and battery reliability. Hybrid thermal management
systems have gained much interest due to their ability to combine the merits of various cooling
approaches. Awasthi et al. [2] reported that the phase change material assisted liquid cooling systems
significantly reduced the peak battery temperature and increased the thermal stability at high power
operating conditions. Similarly, Waseem et al. [3] found that hybrid cooling systems are one of the most
promising alternatives for future electric car battery applications with better heat dissipation and
temperature regulation capabilities. The main research issue of battery cooling applications is the
thermal materials enhancement by nano technology. It is shown in studies that the addition of graphene
nano platelets, carbon nano tubes, expanded graphite and metal oxide nanoparticles to traditional phase
hange materials significantly improves their thermal conductivity and heat storage properties. These
materials help to more evenly distribute the temperature and fluctuate the thermal during the operation
of the battery. Immersion cooling technology has become a very effective thermal management solution
due to its superior heat transfer capability. Tai et al. [5] have shown that the dielectric-fluid immersion
cooling system can remove heat at higher rates and show better temperature uniformity than traditional
liquid-cooling systems. In addition, the potential application of immersion cooling has demonstrated
promising prospect for the reduction of thermal runaway propagation while facilitating high-rate
charging operation.

One of the big challenges in electric car technology is battery safety. Alawi et al. [6] pointed out that
thermal runaway still is a critical issues for high energy density lithium-ion batteries. We are currently
looking at thermal barrier materials, fire resistant separators, aerogel insulation layers and better
algorithms for fault monitoring that can detect abnormal thermal conditions before they become failures.
Recent studies also show an increasing interest in improved battery monitoring systems for continuous
assessment of thermal conditions , battery health and operating parameters . These technologies help
improve temperature regulation and reduce the energy consumption for cooling operations. Moreover,
the thermal management of solid-state batteries has become an important research field. Solid state
batteries have higher energy density and safety, but their thermal behavior is very different from
conventional lithium ion batteries. We are exploring interfacial thermal resistance, the development of
thermal stress and specific cooling topologies for future solid-state battery technology. Overall, the
present research indicates a distinct shift from conventional cooling technologies to hybrid thermal

management systems like nano-engineered thermal materials, immersion cooling technologies,
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enhanced thermal monitoring systems and augmented safety procedures. Such innovations will likely
improve greatly the thermal performance, safety and reliability of future EV battery systems.

2.2 VOLUTION OF BATTERY THERMAL MANAGEMENT SYSTEMS

Battery thermal management system has been developed from simple passive cooling methods to
sophisticated intelligent thermal control platform. In the early days of electric vehicle batteries, heat
dissipation was by natural air flow. The improved thermal performance with the increased battery
capacity resulted in the development of forced-air and liquid cooling methods. Recent breakthroughs
in phase change materials, heat pipes, immersion cooling technologies and nano-engineered thermal
structures can keep the battery temperature in a narrow operating window. Current trends of research
are focused on intelligent hybrid systems which can adapt their thermal behavior to the changing
operating conditions in real time.

3.0 NANO-ENGINEERED THERMAL MATERIALS FOR BATTERY COOLING
3.1Nano-Enhanced Phase Change Materials

Phase change materials are attractive as a passive cooling approach since they absorb large amounts of
thermal energy during phase transition. But the low heat conductivity is a drawback of the traditional
PCMs. Recent studies have shown that the addition of graphene nanoplatelets, carbon nanotubes,
expanded graphite, CuO nanoparticles, Al 2 O 3 nanoparticles and hybrid nanostructures can vastly
improve the heat transfer properties. Nano-enhanced PCM systems provide:

* Fast heat absorption

* Improved thermal conductivity

* Better temperature uniformity

» Lower peak battery temp

* Enhanced thermal storage ability

The integration of nano-enhanced PCM with metallic fins and porous metal foams has emerged as one

of the most promising approaches for future battery cooling applications.

3.2 Metal Foam-Assisted Thermal Regulation

Metal foams offer very well interconnected thermal routes for fast heat transfer in PCM materials.
Recent research results show that the aluminum foam and copper foam integrated PCM systems could
increase the thermal conductivity by 5 times more than the pure PCM systems. The interaction between
the metal foam structures and the nano-enhanced PCM leads to a multi-scale heat transfer network that

can control the battery temperature fluctuations during fast charging.
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4.0HYBRID THERMAL MANAGEMENT ARCHITECTURES

4.1 PCM-Liquid Hybrid Cooling Systems:

Hybrid cooling systems, where PCM structures are integrated with liquid cooling, are better than
standalone cooling technologies for thermal regulation.Liquid cooling on the other hand continuously
takes away heat and PCM absorbs transient thermal loads born from high power operation. This twoin-

one device greatly enhances the safety and the performance of charging the battery.

4.2 Heat Pipe—PCM Integrated Systems
Heat pipes rapidly extract heat from hot spots within the battery. Heat pipes in combination with PCM
structures allow uniform heat distribution over the thermal storage medium and thus result in better

temperature uniformity and smaller thermal gradients.

4.3 Immersion Cooling—PCM Hybrid Systems:

The latest generation of battery cooling technologies combines dielectric immersion cooling
with nano enhanced PCM structures. This architecture offers:

* Exceptional thermal stability

* Ultra-fast heat removal

* Improved thermal runaway resistance

* Enhanced fast charging capability

Such systems are expected to play a major role in next-generation electric vehicle battery
platforms.

5.0THERMAL RUNAWAY PREVENTION USING ADVANCED THERMAL
BARRIERS:

The primary safety issue associated with lithium-ion battery systems in electric vehicles is thermal
runaway which results in excessive heat generation, breakdown of the cell and in worst case scenarios,
fire. Specialists are investigating different preventative and protective approaches to improve the safety
of the battery to solve this problem. These include the use of fire resistant barriers between cells,
materials designed to minimize heat transmission and ceramic based coatings that provide further
thermal protection amongst others. Lightweight insulation materials such as aerogels can also be
interesting to reduce heat propagation in battery packs and have better thermal resistance. Besides, the
development of self-extinguishing cooling medium and advanced fault detection systems have

improved the ability to detect and react to abnormal thermal events at early stage. In recent studies, it
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has been found that combining aerogel insulation and phase change materials has the advantage of
thermal shielding and heat absorption, which can control temperature rise and reduce the risk of thermal
spread. Such innovations contribute significantly to the safety, stability and reliability of electric car

battery systems.

6. ADVANCED DIGITAL THERMAL MONITORING , BATTERY MANAGEMENT:
Recent developments in battery thermal management led to state-of-the-art digital monitoring and
control systems able to continuously monitor battery operating parameters and thermal behavior. The
solutions include thermal models, real time sensor measurements and data driven monitoring
frameworks for battery safety, reliability and operational efficiency improvements. The digital twin of
the battery can be used to continuously monitor the temperature distribution, thermal gradients, charging
conditions and the battery health during the vehicle operation. Such devices can provide accurate
temperature information and enable an early intervention before critical thermal conditions arise. Real-
time monitoring technologies are useful since they:

* Continuous temperature surveillance

* Early detection of abnormal thermal behavior

* Improved maintenance scheduling

* Estimation of battery health and remaining service life

* Enhanced charging management

These monitoring systems are expected to become an essential component of future electric vehicle

battery packs due to their capability to improve operational safety and optimize thermal performance.

7. SMART THERMAL CONTROL STRATEGIES

Adaptive control methods have been widely applied to control the battery temperature in modern battery
thermal management systems under different working situations. These methods adaptively change the
cooling performance in response to temperature data, operating parameters, charging rates, and ambient
factors. Advanced thermal control systems can detect abnormal operating patterns, predict future
thermal conditions, and adjust coolant flow, heat transfer rates, and thermal balancing mechanisms.
Such approaches result in better temperature uniformity, lower energy use and better battery reliability.
Recent developments include:

* Adaptive thermal control methods

* Predictive temperature estimation techniques

* Model-based thermal regulation
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* Sensor-integrated monitoring systems

* Cloud-connected battery diagnostic platforms

These technologies significantly improve battery safety, operational stability, and charging efficiency
while reducing the risk of thermal degradation.

8. THERMAL MANAGEMENT CHALLENGES FOR SOLID-STATE BATTERIES
Solid-state batteries are regarded as a promising alternative to traditional lithium-ion batteries due to
their higher energy density, better safety features and longer lifespan. It's a big difficulty to handle the
heat well, but there are many benefits. The thermal behavior of solid state batteries is quite different
from that of traditional batteries as the characteristics of the electrolyte and the mechanisms of heat
generation and material interfaces are different. This means that traditional cooling methods may not
be the best option for temperature control.

Future investigations should focus on:

* Interfacial thermal resistance reduction

* Heat accumulation control

* Thermal stress mitigation

* High-rate charging thermal regulation

» Compact cooling system development

Addressing these challenges will be critical for the successful commercialization of solid-state battery

technologies in future electric vehicles.

9. RESEARCH GAPS AND FUTURE OPPORTUNITIES

The battery thermal management sector has been developed greatly, there are still many crucial
challenges to be resolved. Long term performance and reliability of nano-enhanced phase transition
materials is still unknown in particular in long term operating environment and frequent temperature
cycling. However, the high costs of installation and maintenance also limit the practical application of
immersion cooling systems. Also, effective temperature control in low temperature situations is still a
big concern as cold conditions can affect battery efficiency and capacity. Another aim is to prevent
thermal runaway and its propagation in the battery packs for further improving the overall safety. More
accurate and reactive thermal management requires the integration of real time temperature monitoring
and intelligent control techniques. The development of environmentally benign dielectric cooling fluids
with great thermal performance is becoming increasingly important due to environmental concerns. In
this context, solid-state batteries represent a promising energy storage technology which requires

dedicated thermal management activities due to specific working qualities. There is still a need for new
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thermal material design that can operate long term and recover from thermal stress. Future studies
should aim at the design of integrated thermal management systems utilizing advanced materials, hybrid
cooling approaches, compact heat dissipation technologies and smart monitoring frameworks to
optimize battery efficiency, safety, reliability and life expectancy.

10. CONCLUSIONS

Precise temperature control is an important factor for performance, safety and lifetime of electric car
battery system. With advances in battery technology for higher energy density and faster charging,
thermal management becomes increasingly important. It discusses thermal management approaches,
including nano-enhanced materials, smart thermal control and thermal runaway mitigation. Results of
this work demonstrate the effectiveness of nano-enhanced phase change materials, complex heat
transfer elements and hybrid cooling systems to control the temperature of batteries and improve the
temperature distribution in battery packs. These features also help reduce heat stress, improve energy
efficiency and extend battery life. Real-time monitoring systems and sophisticated control algorithms
also allow better thermal management of the battery under a variety of operating and environmental
conditions. One of the critical issues is the safety of batteries, especially for the growing application of
high capacity lithium ion batteries . Avoiding the thermal runaway and mitigation strategies such as
thermal barriers, fault detection systems and improved cooling systems are important to avoid safety
concerns and improve the system reliability. New ways to improve battery thermal management include
novel compact cooling architectures, green cooling fluids and revolutionary thermal materials. Further
work in this direction is expected to lead to more efficient and stable battery systems for future electric
cars. Innovative materials and efficient cooling methods and intelligent thermal management concepts

enable the safe operation of next generation electric mobility systems and improve the performance and

lifetime of batteries.
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