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A R T I C L E  I N F O 

  

A B S T R A C T 

Keywords:  As electric vehicles (EVs) continue to advance, the demand for efficient, safe, 

and sustainable battery thermal management systems (BTMS) has become 

increasingly critical. This review paper explores the integration of artificial 

intelligence (AI), cutting-edge technologies, and sustainable practices in next-

generation battery cooling systems. It examines AI-driven models for predicting 

battery states, thermal behavior, and failure conditions, while assessing the 

benefits and limitations of these approaches. The paper also highlights innovative 

technologies such as additive manufacturing for customized cooling structures, 

bioinspired designs for enhanced thermal performance, and smart materials 

adaptable to varying environmental conditions. Additionally, it investigates 

advanced cooling methods like mist-based systems for thermal runaway 

prevention and hybrid cooling strategies that combine air, liquid, and phase 

change materials (PCM). A strong emphasis is placed on sustainability, 

addressing the environmental, economic, and social impacts of BTMS 

innovations. By leveraging AI, advanced materials, and green engineering 

practices, this review aims to provide a roadmap for developing next-gen BTMS 

that optimize performance, extend battery life, and mitigate safety risks in EVs. 

The paper concludes with future research directions, emphasizing the need for 

continuous innovation to meet the evolving demands of electric mobility and 

contribute to a more sustainable future. 
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1. Introduction 

The adoption of electric vehicles (EVs) has surged as part of the 

global effort to reduce greenhouse gas emissions, improve air 

quality, and combat climate change. Central to the transition 

from internal combustion engine vehicles to EVs is the lithium-

ion battery (LiB), which serves as the primary energy storage 

system for these vehicles. However, while LiBs offer high 

energy density, long cycle life, and relatively low self-discharge 

rates, their performance is significantly influenced by 

temperature. Lithium-ion batteries generate substantial 

amounts of heat during charge-discharge cycles, and if this heat 

is not effectively managed, it can lead to a number of 

undesirable outcomes, including battery degradation, thermal 

runaway, reduced efficiency, and even catastrophic failures 

such as fires or explosions [1,2]. Consequently, efficient 

thermal management has become a critical component in the 

design and operation of EVs, ensuring that LiBs perform 

optimally throughout their operational lifespan. 

Battery Thermal Management Systems (BTMS) play a pivotal 

role in maintaining safe and optimal operating temperatures 

within lithium-ion batteries. Without effective thermal 

regulation, battery performance degrades significantly, 

potentially leading to shortened lifespan, lower capacity, and 

safety concerns. Traditional BTMS technologies, such as air 

cooling, liquid cooling, and heat pipes, have been widely 

studied and deployed in the past two decades to mitigate 

thermal effects [3, 4]. However, while these approaches can 

maintain battery temperature within safe ranges, they face 

challenges related to energy efficiency, scalability, and 

adaptability to the dynamic operating conditions typical of 

modern EVs [5]. As a result, there is a growing need for more 

efficient, adaptable, and sustainable thermal management 

solutions to address these challenges. 

Recent advancements in Artificial Intelligence (AI), machine 

learning (ML), and deep learning (DL) offer significant 

promise in overcoming these limitations. AI technologies allow 

for predictive thermal management by enabling real-time 

monitoring of battery temperature, state-of-charge (SOC), 

state-of-health (SOH), and other critical parameters. These 

technologies can also optimize the operation of thermal 

management systems by predicting temperature variations and 

adjusting cooling strategies dynamically based on real-time 

data [6, 7]. AI-driven systems have the potential to not only 

enhance thermal efficiency but also improve battery safety by 

identifying potential  

failure modes, such as thermal runaway, before they manifest. 

Several studies have demonstrated the potential of AI in 

optimizing the performance of BTMS, yet integrating AI into 
BTMS remains an area of ongoing research and development 

[8, 9]. 
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A particularly promising area of development involves the 

integration of phase-change materials (PCMs) into BTMS. 

PCMs are materials that can absorb or release large amounts of 

latent heat during phase transitions, thereby helping to maintain 

stable temperatures within a system. This ability makes PCMs 

highly suited for use in thermal management applications, as 

they can effectively stabilize the battery's temperature under 

varying charge and discharge conditions [10]. When combined 

with AI-driven predictive models, the potential for optimizing 

thermal performance increases substantially. AI can predict 

temperature fluctuations, optimize PCM placement and 

configuration, and adjust cooling strategies accordingly. This 

combination of PCMs and AI offers an exciting new direction 

in BTMS research, but it is an area that remains underexplored 

and requires further investigation [11, 12]. 

Moreover, sustainability is becoming an increasingly important 

consideration in the design of BTMS. As the adoption of EVs 

grows, the demand for efficient and environmentally friendly 

cooling solutions becomes more pressing. Traditional cooling 

systems consume a significant amount of energy, contributing 

to the overall energy consumption of EVs and potentially 

reducing the vehicle's range. One potential solution is the 

integration of renewable energy sources, such as solar or wind 

power, to operate the cooling systems. Renewable energy-

powered BTMS can reduce the environmental footprint of EVs 

by providing a sustainable, self-sustaining solution to thermal 

management. Additionally, coupling renewable energy sources 

with AI-driven predictive models creates a system that can 

dynamically optimize the cooling process based on real-time 

conditions and energy availability, further enhancing both 

energy efficiency and sustainability [13, 14]. Such systems 

align with global efforts to achieve the United Nations 

Sustainable Development Goals (SDGs), particularly those 

related to climate action and clean energy [15, 16]. 

A variety of studies have highlighted the potential for 

integrating renewable energy sources with battery thermal 

management. For instance, research has explored the use of 

solar energy to power the thermal management systems in both 

EVs and stationary energy storage systems [17]. Additionally, 

advancements in energy storage technologies, such as the use 

of hybrid storage systems (combining lithium-ion batteries with 

other storage technologies), have opened the door to more 

sustainable solutions for BTMS. These hybrid systems, which 

combine renewable energy sources with thermal management, 

could significantly reduce the dependence on grid power and 

reduce the overall carbon footprint of EVs [18, 19]. 

Furthermore, the integration of renewable energy sources into 

BTMS aligns with ongoing efforts to make EVs and energy 

storage systems more environmentally friendly and energy-

efficient. 

As the EV market continues to expand, it is essential to explore 

and develop new materials, technologies, and approaches that 

can enhance the thermal management of lithium-ion batteries. 

Innovations such as AI-assisted thermal optimization, 

renewable energy-powered cooling, and advanced materials 

like PCMs offer promising solutions that can significantly 

improve the efficiency and safety of EVs. However, numerous 

challenges remain in integrating these technologies into 

practical, large-scale applications. For example, AI models 

require large datasets for training and validation, and ensuring 

real-time implementation of these models remains a significant 

hurdle. Furthermore, the scalability of PCM-based systems and 

the effective integration of renewable energy sources into 

BTMS are areas that require further research [20]. 

This review paper provides a comprehensive analysis of the 

latest advancements in AI-driven predictive thermal 

management for lithium-ion batteries in EVs, with a focus on 

the integration of phase-change materials and renewable 

energy-powered cooling systems. Section 2 discusses the 

fundamental principles of thermal management in LiBs, along 

with the challenges associated with traditional BTMS 

approaches. Section 3 delves into the role of AI, machine 

learning, and deep learning in optimizing thermal management, 

emphasizing the potential of predictive models and real-time 

data analytics. Section 4 examines recent advancements in 

PCMs and their integration with AI-driven systems, 

highlighting their benefits for maintaining safe operating 

temperatures. Section 5 explores the potential of renewable 

energy-powered cooling systems and their synergy with AI-

based predictive models, outlining the sustainability benefits 

they offer. Finally, Section 6 identifies the challenges and future 

research directions in this  

field, focusing on the need for interdisciplinary collaboration 

and innovation to achieve efficient, safe, and sustainable BTMS 

solutions. 
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Nomenclature    

BTMS  

EV 

PCM 

AI 

ML 

DL 

PINN 

SVM 

DRL  

ANN 

CNN 

NSGA-II 

PSO 

MOGA 

WPM 

COSMOS 

RSM 

TO 

TPMS 

NEPCM 

Battery Thermal Management System 

Electric Vehicle 

Phase Change Material 

Artificial Intelligence 

Machine Learning 

Deep Learning 

Physics-Informed Neural Network 

Support Vector Machine 

Deep Reinforcement Learning 

Artificial Neural Network 

Convolutional Neural Network, 

Nondominated Sorting Genetic Algorithm-II 

Particle Swarm Optimization 

Multi-Objective Genetic Algorithm 

Weighted Product Method 

Concurrent Surrogate Selection 

Response Surface Methodology 

Topology Optimization 

Triply Periodic Minimal Surface 

Nanoparticle-Enhanced Phase Change Material 

SOC 

SOH 

LIB 

CFD 

TR 

TES 

SMA 

MOF 

State of Charge 

State of Health 

Lithium-Ion Battery 

Computational Fluid Dynamics 

Thermal Runaway 

Thermal Energy Storage 

Shape Memory Alloy 

Metal-Organic Framework 

 

2. Current State of Battery Cooling Technologies. 

Battery thermal management systems (BTMS) are critical for 

ensuring the safety, performance, and longevity of electric 

vehicle (EV) batteries. This section provides an overview of 

traditional cooling methods, their pros and cons, and key 

limitations. 

2.1 Traditional Cooling Methods 

2.1.1 Air Cooling 

How It Works: Air cooling uses natural or forced convection 

to dissipate heat from the battery pack. Fans or blowers are 

often employed to enhance airflow. 

Applications: Commonly used in early-generation EVs like the 

Nissan Leaf due to its simplicity and low cost. 

Example: The Nissan Leaf employs a passive air-cooling 

system, which relies on ambient air to regulate battery 

temperature.[26] 

2.1.2 Liquid Cooling 

How It Works: Heat pipes transfer heat from the battery to a 

heat sink using a working fluid that evaporates and condenses. 

Applications: Widely used in high-performance EVs like Tesla 

Model S and BMW i3 [24], [25]. 

Example: Tesla’s liquid cooling system integrates coolant 

loops within the battery pack, ensuring uniform temperature 

distribution [24]. 

 

 

2.1.3 Phase-Change Materials (PCM) 

How It Works: PCM absorbs heat during phase transitions 

(solid to liquid) to maintain battery temperature within a safe 

range.[32] 

Applications: Emerging in EVs for its passive cooling 

capabilities and energy efficiency. 

Example: Research by Al-Hallaj and Selman (2000) 

demonstrated the use of paraffin-based PCM for Li-ion battery 

cooling.[21] 

2.1.4 Heat Pipes 

How It Works: Heat pipes transfer heat from the battery to a 

heat sink using a working fluid that evaporates and condenses. 

Applications: Suitable for compact EV designs due to their 

high thermal conductivity. 

Example: Studies have shown heat pipes can reduce battery 

temperature by up to 10°C in high-load conditions.[27] 

2.2 Pros and Cons of Traditional Cooling Methods 

Traditional cooling methods for EV batteries include air 

cooling, liquid cooling, phase-change materials (PCM), 

and heat pipes. Each method has unique advantages and 

drawbacks: 
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Table 1 

Comparative Table: Pros and Cons of Traditional Cooling 

Methods 

Cooling 

Method 

Pros Cons 

Air 

Cooling 

Low cost,  

simple design, 

lightweight, 

reliable 

Low efficiency, poor 

performance in high-

temperature 

environments 

Liquid 

Cooling 

High efficiency, 

uniform 

temperature 

distribution, 

scalable 

Complex design, 

higher cost,  

risk of leakage 

PCM Passive operation, 

energy-efficient, 

compact, silent 

Limited heat 

absorption capacity, 

high material cost 

Heat 

Pipes 

High thermal 

conductivity, 

compact, no 

moving parts, 

silent 

Limited scalability, 

high cost for large 

battery packs 

 

2.3 Limitations of Traditional Cooling Methods 

1.Energy Consumption: 

Liquid cooling systems require additional energy to pump 

coolant, reducing overall EV efficiency. 

Example: A study by Rao et al. (2018) found that liquid cooling 

systems consume up to 5% of the battery’s energy. [22] 

2.Thermal Runaway Risks: 

Inadequate cooling can lead to thermal runaway, a dangerous 

condition where battery temperatures escalate uncontrollably. 

Example: The Chevy Bolt recall (2021) highlighted the risks of 

insufficient cooling in Li-ion batteries. [29] 

3.Environmental Concerns: 

Traditional coolants (e.g., glycol-based liquids) are toxic and 

non-biodegradable. 

Example: Disposal of liquid coolants poses environmental 

hazards, as highlighted by Zhang et al. (2020). [23] 

4.Scalability Issues: 

Air cooling struggles to meet the demands of larger battery 

packs in modern EVs. [26] 

Example: High-performance EVs like the Tesla Model S have 

shifted to liquid cooling due to air cooling’s limitations. [24] 

 

Figure 1: Comparison of Cooling Methods in EVs. 

3. Role of AI in Battery Thermal Management System. 

Artificial Intelligence (AI) is revolutionizing Battery Thermal 

Management Systems (BTMS) by enabling smarter, more 

efficient, and adaptive cooling strategies. AI-driven 

approaches, such as machine learning and neural networks, are 

used to predict battery temperature trends, optimize cooling 

performance, and prevent thermal runaway. 

3.1 AI-Driven Predictive and Optimization Strategies for 

Battery Thermal Management Systems (BTMS) 

Artificial intelligence (AI) has emerged as a critical component 

across various engineering disciplines [34–36], particularly in 

the realms of electric vehicles [37,38] and energy storage 

systems [39]. While AI's capabilities in prediction, 

classification, and recognition have been extensively applied in 

studies related to Battery Thermal Management Systems 

(BTMS) [40], there remains a need for more reliable predictive 

methodologies in this domain [41]. AI-based models have 

frequently been employed as surrogate models [42,43], often 

integrated with Computational Fluid Dynamics (CFD) to 

optimize diverse BTMS configurations [44,45]. Safety, a 

crucial parameter, has also been explored using AI techniques 

[46]. The majority of AI applications in BTMS focus on 

enhancing system control [47]. 

Physics-informed neural networks have demonstrated the 

ability to predict the thermal behavior of batteries and BTMS 

[48,49]. AI can also forecast battery surface temperatures or 

maximum temperature differentials [50,51]. By estimating the 

State of Temperature (SOT) through AI, more efficient BTMS 

designs can be developed [52]. Additionally, AI can predict 

battery heat generation [53], as well as other BTMS parameters 

such as entropy generation [54] and Nusselt numbers [44]. 

Various AI techniques, including deep learning [55], gradient-

based ensemble machine learning [54], feed-forward networks 

[44], Extreme Learning Machine (ELM) [56,57], linear 

regression, k-nearest neighbors, random forests, decision trees, 

and Digital Twin models [40], have been applied to BTMS. 

AI and Machine Learning (ML) models serve as surrogate 

models for BTMS optimization, often combined with 

numerical models like CFD to predict and simulate system 

behavior. Duraisamy and Kaliyaperumal evaluated three ML 

models for optimizing cell balancing in battery packs [58]. 

Chen et al. utilized a Support Vector Machine (SVM) to  
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Figure 2: Neural network models incorporating physical principles for predicting battery thermal behavior. 

predict thermal behavior and pressure in a cold plate BTMS, 

subsequently optimizing the system using a nondominated 

sorting genetic algorithm (NSGA-II) [59]. Similarly, Su et al. 

employed a Multilayer Perceptron Artificial Neural Network 

(MLP ANN) to optimize a U-shaped cooling channel BTMS, 

achieving an R² value of 0.9942 for temperature and flow 

pressure predictions [45]. 

Physics-informed neural networks (PBNN) have significantly 

impated the simulation, modeling, and prediction of thermal 

behavior in various systems [60]. These networks leverage 

experimental data to formulate Navier–Stokes equations, 

enabling accurate predictions of flow behavior and properties. 

Mesgarpour et al. [48] used a Physics-Informed Artificial 

Neural Network (PBANN) to predict battery thermal behavior 

under different cooling conditions, achieving a 65.41% 

reduction in computation time compared to CFD methods, with 

99.87% prediction accuracy. Another study combined physics-

informed machine learning with visual tracking to create a 

Pattern-Based Machine Learning (PBML) model, which 

effectively predicted battery temperature in heat pipe BTMS, 

reducing prediction complexity and time [49]. 

Selecting the optimal ML method for predicting battery thermal 

behavior remains challenging [61]. One study compared six ML 

methods and found regression trees to be the most effective for 

predicting maximum battery temperature, with sensitivity 

analysis further improving model performance [62]. AI and ML 

methods have also been used to predict battery states (charge 

and temperature). For instance, Electrochemical-Thermal-

Neural Networks (ETNN) have predicted heat generation and 

temperature states in Li-ion batteries [52], while simpler MLP 

ANNs have also been employed for heat generation prediction 

[53]. These models offer faster computation and greater 

simplicity compared to traditional electrochemical-thermal 

models [63]. 

Deep learning models, such as Long Short-Term Memory 

(LSTM), have proven effective in predicting battery thermal 

behavior over time, with low dependency on physical models 

[51]. Fully Connected Deep Network Models (DNN) have also 

been used to predict maximum temperatures and temperature 

differences in Li-ion batteries, optimizing BTMS structures and 

operating parameters [55]. Phase Change Materials (PCM) are 

often used in hybrid BTMS to enhance performance, with AI 

models like Gradient Boosting Decision Trees (GBDT) 

predicting PCM properties such as liquid fraction and entropy 

generation [54]. ANN models have also been developed to 

predict thermal behavior in hybrid BTMS, achieving less than 

3.5% error in temperature predictions [43]. 

Material selection, particularly for liquid-based BTMS, is 

another critical challenge. AI can streamline the evaluation of 

different coolants, such as water, nanofluids, and oils. Mokashi 

et al. developed an ANN model to predict Nusselt numbers for 

various coolants, demonstrating the robustness of MLP ANN 

for such predictions [44]. ML models have also been applied to 

predict thermal behavior under failure  
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Figure 3: ANN Models for Forecasting Battery Thermal Performance 

conditions, such as external short circuits, with Extreme 

Learning Machine (ELM) models outperforming traditional 

thermal models in both accuracy and computation time [56]. 

Comparative studies of ML models have highlighted the 

superior performance of decision tree models in predicting 

BTMS thermal behavior, particularly for complex problems 

[65]. Experimental validation of AI models in BTMS has 

shown promising results, with ANN and Elman-NN models 

accurately predicting thermal characteristics in battery packs 

under varying conditions [66]. Other studies have demonstrated 

the high accuracy of ANN models in predicting battery module 

temperatures, with regression coefficients (R²) as high as 

0.99998 [67]. Real-world data collection from electric vehicles, 

such as the MG ZS EV, has further validated the effectiveness 

of MLP models in forecasting battery health factors [68]. 

Experimental setups are essential for validating AI models. For 

example, Convolutional Neural Networks (CNNs) have been 

used to predict the internal temperature of lithium-ion battery 

packs, achieving a mean squared error (MSE) of 0.047 [71]. 

Combining AI with advanced cooling technologies has been 

shown to reduce battery temperatures by over 25% [70], 

underscoring the transformative potential of AI in BTMS 

optimization and design. 

3.2 Strengths and Weaknesses of AI Technology and Methods. 

Artificial intelligence (AI) technologies and methodologies 

exhibit distinct strengths and weaknesses, making them suitable 

for specific applications in battery thermal management 

systems (BTMS) and related fields. For example, artificial 

neural networks (ANNs) are widely utilized for predicting 

battery temperature, state of charge (SOC), and state of health 

(SOH), as well as optimizing cooling systems [85,86]. ANNs 

have demonstrated high accuracy in temperature prediction (R² 

= 0.99) [64] and have proven effective in enhancing cooling 

efficiency and reducing energy consumption [86]. However, 

their reliance on large datasets for training and validation poses 

a significant limitation [64]. 

Machine learning (ML) techniques are primarily employed to 

optimize BTMS design and operations, improving thermal 

performance and safety, particularly in fast charge/discharge 

scenarios [87]. ML methods have also been successful in 

reducing system weight and enhancing cooling efficiency 

[88,89]. Despite these advantages, the development and 

integration of ML models are often complex and resource-

intensive. 

Deep learning (DL) and deep reinforcement learning (DRL) 

offer the ability to explore multiple optimal solutions for battery 

thermal arrangements and cooling strategies [83]. However, 

these methods come with high computational costs, 

implementation complexity, and a need for significant expertise 

to fine-tune models. Additionally, they are prone to overfitting, 

which can compromise their generalization capabilities [90]. 

Support vector machines (SVM) and fuzzy logic are also 

employed in battery-related applications, such as estimating 

SOH and predicting other critical parameters. Hybrid 

algorithms, like genetic algorithm-particle swarm optimization 

(GA-PSO) combined with fuzzy logic, have shown promise in 

solving complex engineering problems by balancing thermal 

management with practical design parameters [91]. For 

instance, fuzzy logic-based controllers have outperformed 

traditional PID systems in managing lithium-ion battery 

thermal performance, achieving better temperature regulation, 
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efficiency, and longevity [92]. In one study, a fuzzy logic-based 

system reduced battery consumption by 10% compared to PID 

control [93]. 

Gaussian process (GP) models have been effective in multi-

objective optimization, particularly for energy efficiency in 

BTMS. These models have demonstrated significant 

improvements, such as a 26.67% reduction in cooling water 

velocity and a 24.18% reduction in pressure drop, leading to 

enhanced BTMS efficiency and reduced parasitic power [94]. 

However, GP methods are computationally intensive and 

require robust datasets for training. 

Recently, generative AI diffusion models have been applied to 

optimize battery cell layouts, resulting in lower maximum 

battery temperatures and improved cooling efficiency [95]. 

Nevertheless, these models demand sophisticated 

implementation and validation processes. 

Despite their potential, AI-based approaches face several 

challenges, including high computational requirements, 

complex model development, and the need for extensive 

datasets. In the context of battery temperature prediction and 

thermal management, advanced neural networks such as 

nonlinear autoregressive networks with exogenous inputs 

(NARX), long short-term memory (LSTM), and gated recurrent 

units (GRU) outperform traditional feed-forward neural 

networks (FFNN) and adaptive neuro-fuzzy inference systems 

(ANFIS) [70]. This is due to their superior handling of time-

series data, which is critical in this domain. 

A notable limitation in this field is the absence of standardized 

evaluation metrics. Researchers often need to compute multiple 

performance indicators to determine the most effective model 

for a given application [70]. Overall, while AI technologies 

offer significant advancements in battery thermal management, 

their implementation requires careful consideration of 

computational resources, data availability, and model 

complexity. 

4. Cutting-Edge Strategies for Battery Thermal 

Management Systems (BTMS) 

Advanced techniques are being explored to enhance Battery 

Thermal Management Systems (BTMS). Triply periodic 

minimal surface (TPMS) structures improve heat dissipation, 

while vibration-assisted BTMS boosts thermal performance. 

Flexible phase change materials (PCM) with skeletal 

reinforcement enhance stability, and additive manufacturing 

enables 3D-printed designs that optimize anisotropic 

properties. Nanoengineering is revolutionizing thermal 

regulation, and smart BTMS aims for ultra-low energy 

consumption. Bionic-inspired geometries further refine heat 

management, making BTMS more efficient and innovative. 

 

 

 

 

 

4.1 Improved Heat Management Efficiency in Battery 

Thermal Management Systems (BTMS) 

The integration of cutting-edge technologies is transforming 

Battery Thermal Management Systems (BTMS) by enhancing 

heat transfer, stability, and energy efficiency in electric 

vehicles. Triply Periodic Minimal Surface (TPMS) structures 

provide lightweight, high-surface-area designs that optimize 

thermal regulation, while vibration-assisted BTMS enhances 

cooling through improved fluid circulation. Flexible phase 

change materials (PCMs) reinforced with skeletal support 

ensure stability during phase transitions, maintaining consistent 

performance. Additive manufacturing and 3D printing enable 

the development of anisotropic structures optimized for 

efficient heat dissipation. Nanoengineered porous silica offers 

exceptional thermal insulation, reducing the risk of thermal 

runaway, while Smart BTMS employs self-regulating 

technologies to sustain ideal temperatures without additional 

energy consumption. Furthermore, nature-inspired bionic 

geometries introduce innovative cooling mechanisms, 

significantly improving BTMS effectiveness. These 

advancements collectively enhance the safety, reliability, and 

overall efficiency of electric vehicle battery systems. 

4.1.1 Enhanced Thermal Performance through Triply 

Periodic Minimal Surface (TPMS) Structures 

TPMS architectures offer highly porous, lightweight designs 

with exceptional surface area-to-volume ratios that 

significantly improve heat transfer and thermal conductivity 

capabilities, making them ideal for battery thermal 

management systems. Their performance advantages over 

conventional structures like metal foam have driven substantial 

research interest in recent years. The emergence of advanced 

additive manufacturing techniques has enabled widespread 

adoption of TPMS in thermal applications. 

These TPMS-based configurations show considerable promise 

as high-efficiency internal structures for heat exchangers due to 

their exceptional surface-to-volume proportions, seamless 

surfaces, and intricate geometries [96]. Various TPMS-PCM 

composite configurations, including primitive, gynoid, and I-

graph and wrapped packaged-graph (IWP) variations illustrated 

in Fig. 4(a), were analyzed using proprietary "MSLattice 

software" [96]. The thermal characteristics of these structures 

are directly influenced by unit cell type, porosity percentage, 

and porosity gradient distribution as these parameters affect 

surface area density. Different TPMS architectures demonstrate 

varying degrees of heat transfer enhancement, as depicted in 

Fig. 4(b). 

Additional research by Zhaohui et al. [10] investigated liquid-

cooled battery thermal management systems (BTMS) 

incorporating P-type TPMS sheet structures. The continuous, 

smooth surfaces characteristic of TPMS create extensive 

contact areas that enhance fluid-solid convective heat transfer. 

The liquid-cooled BTMS design methodology is outlined in 

Fig. 4(c). TPMS sheet structures are formed by joining two 

surfaces to create a single entity. The cooling channels within 

aluminum tubes contain arrays of these sheet structures, with 

semicircular tube surfaces positioned adjacent to the battery  
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Figure 4: Unit cells of TPMS structures, including Primitive, Gyroid, and IWP, along with the impact of porosity on (a) the melting 

duration of phase change materials (PCM) and (b) the average heat transfer coefficient of TPMS-PCM composites.

cells. The complete cooling module comprises multiple parallel 

minimum cooling units. Implementation of gradient porosity-

based sheet structures resulted in approximately 15.7% 

reduction in temperature differential across the module 

compared to uniform sheet configurations. 

4.1.2 Enhanced Thermal Performance through Vibration-

Augmented Battery Thermal Management Systems 

Recent research has expanded to include real-world conditions 

by examining how vibration and shock impacts water-cooled 

Battery Thermal Management Systems (BTMS). Shukla et al. 

[97] conducted experiments under natural air convection for 

single-cell batteries with Phase Change Material (PCM)-based 

BTMS to simulate on-road vibration experiences. At the highest 

discharge rate (3C) and lowest frequency (10 Hz), vibration 

showed minimal effect on transient temperature distribution. 

However, as frequencies increased to 20 Hz and 30 Hz, 

vibration effects became considerably more significant. 

For water-cooled mini-channel cold plate BTMS 

configurations, vibration demonstrated remarkable 

performance enhancement. Replacing a 1 mm radius fillet with 

a square cross-section in the original design improved overall 

efficiency by approximately 33.7%. The fundamental 

mechanism involves periodic vibration perpendicular to the 

primary flow direction, which effectively disrupts the 

temperature boundary layer. The resulting vortices promote 

mixing between high and low-temperature regions within the 

channels [98]. 
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Figure 5: Thermal Analysis of Lithium-Ion Battery Across Different Cooling Setups 

Research by Siddique et al. [33] investigated vibration effects 

on both natural and forced fan-based cooling of battery cells 

utilizing aluminum-based foam. As illustrated in Fig. 5 thermal 

imaging, surface temperatures with aluminum foam under 

forced convection decreased by 26°C compared to 

configurations without heat transfer media. When PCM 

remains in solid phase (below melting point), vibration effects 

are confined to the battery pack's exterior surface, making 

frequency and amplitude variations negligible regarding 

surface temperature [99]. 

At lower discharge rates, frequency demonstrates stronger 

influence on temperature increases. For higher discharge rates, 

both frequency and amplitude significantly impact temperature 

elevation. The researchers also recommended conducting 

vibration simulations specifically for off-road electric vehicles 

to address future mobility requirements in challenging terrain 

environments. Table 2 provides a comprehensive overview of 

current research findings related to vibration-enhanced BTMS 

implementations. 

In summary, vibration substantially improves water-cooled 

BTMS performance, particularly at elevated frequencies, by 

enhancing heat transfer through boundary layer disruption. 

While effects remain limited at lower frequencies, they become 

pronounced in systems incorporating mini-channel cold plates 

and aluminum foam under forced convection conditions. This 

highlights the necessity for continued research in this domain, 

especially for demanding off-road applications. 

Table 2 

Research outcome of Vibration enhanced BTMS systems. 

Mode of 

BTMS 

Vibration 

Variables 

Battery 

Type 

Discharge 

Rates 

Research 

outcome 

Vibration 

enhanced 

Natural Air 

Cooled [97] 

10 Hz, 20 

Hz, and 

30 Hz, 40 

mm/s, 55 

mm/s, 

and 70 

mm/ s 

18,650 

lithium-

ion 

battery 

(Model: 

Samsung 

26FM-

PCB, 

1 C, 2 C, 

and 3 C 

There is no 

distinct 

correlation 

was 

observed 

between 

vibration 

amplitude, 

frequency, 

and 

transient 

temperature 

distribution. 

Water 

cooled [98] 
10 Hz, 

0.8 mm 

- 1 C, 2 C, 

and 3 C 

The cold 

plate’s 

overall 

performance 

increased by 

33.7 % with 

a f illet 

radius of 1.0 
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mm 

compared to 

its original 

square 

cross-

section. 

Rubitherm® 

35HC PCM 

[99] 

20–30 Hz, 

30 mm/s 

to 50 

mm/s 

Simulated 

battery 

pack 

which 

mimics 

2300 

mAh 

18,650 

1 C to 5 C Improved 

heat transfer 

from the 

battery pack 

due to 

vibrations. 

Porous 

aluminium 

foam 

medium, 

grade: 6101 

alloy-T6 

[33] 

5 Hz, 10 

Hz, and 

15 Hz), 10 

mm/s, 20 

mm/s, and 

30 mm/ s 

Single 

Cell, 

18,650 

Li- ion 

battery 

(model: 

26FM-

PCB; 

Samsung 

1 C, 2 C, 

and 3 C 

The Li-ion 

battery 

cools down 

significantly 

faster when 

subjected to 

forced 

convection 

in 

aluminium 

foam under 

vibration. 

 

4.1.3 Enhanced Thermal Regulation through Structurally-

Reinforced Flexible Phase Change Materials 

Materials such as styrene-butadiene-styrene (SBS) and 

thermoplastic ester elastomer (TPEE) serve as advanced 

structural frameworks and integrated packaging components, 

significantly enhancing the deformation capabilities and 

flexibility of composite phase change materials (CPCMs). This 

engineering approach results in innovative, form-stable, 

flexible CPCMs with excellent thermal energy storage capacity. 

The incorporation of expanded graphite (EG) further improves 

heat dissipation efficiency and promotes a more uniform 

temperature distribution throughout the material [100]. 

Experimental results indicate that these advanced CPCMs 

maintain consistent mechanical performance under various 

deformation modes, including bending and stretching, while 

exhibiting superior physical and chemical compatibility with 

battery system components [100]. For large-scale production of 

leak-resistant CPCMs, researchers have developed phase-

transformable, hydrophobic polymer matrices synthesized in 

situ within paraffin (PA)/expanded graphite composites [101]. 

These advanced CPCMs exhibit outstanding thermal 

properties, achieving latent heat values of 120.3 J g⁻¹ and 

thermal conductivity of 2.92 W m⁻¹ K⁻¹, primarily due to the 

additional thermal storage contribution from phase-

transformable alkyl side chains in the polymer framework. 

The engineered CPCMs demonstrate exceptional dimensional 

stability at elevated temperatures of up to 250°C, along with 

superior paraffin retention properties. These performance 

characteristics are attributed to the three-dimensional cross-

linked structure of primary polymer chains, reinforced by 

hydrophobic alkyl side branches. When integrated into Battery 

Thermal Management Systems (BTMS), these structurally 

reinforced, flexible phase change materials significantly 

enhance thermal regulation by maintaining material integrity 

throughout numerous thermal cycles, effectively preventing 

leakage and structural degradation. The embedded 

reinforcement framework provides essential mechanical 

support while preserving flexibility, ensuring consistent 

thermal conductivity and heat absorption across different 

operational conditions. 

4.1.4 Optimized Thermal Performance through Additively 

Manufactured Battery Thermal Management Systems 

The transformative potential of additive manufacturing (AM) 

technologies marks a paradigm shift in the design of thermal 

management devices. The integration of 3D printing with 

advanced two-dimensional materials, such as graphene and 

boron nitride (BN), unlocks unprecedented opportunities for 

fabricating programmed hierarchical structures with optimized 

thermal properties. Experimental results, combined with finite 

element analysis, demonstrate that selective laser sintering 

(SLS) 3D-printed phase change materials (PCMs) 

incorporating expanded graphite (EG), can achieve significant 

thermal regulation capabilities comparable to traditional press-

and-soak manufacturing methods [102]. 

Graphene-enhanced thermally conductive composites 

produced through 3D printing have exhibited exceptional 

thermal conductivities reaching up to 12 Wm⁻¹K⁻¹ [103]. This 

remarkable thermal performance is primarily attributed to the 

anisotropic structural arrangement, which optimally aligns 

graphene’s high thermal conductivity. Additionally, 3D printing 

enables the design of advanced coolant flow channels within 

battery packs, facilitating higher heat transfer coefficients. The 

improved heat dissipation at the coolant interface is particularly 

advantageous, as it allows the integration of materials with 

lower thermal conductivity in these regions while maintaining 

efficient cooling. 

Researchers have also leveraged 3D printing to fabricate high-

performance thermal management structures, including 

biomimetic heat sinks inspired by the morphology of shark 

skin. These designs incorporate regularly arranged hollow 

elevated ridges that optimize thermal convection, offering 

innovative nature-inspired solutions that are challenging to 

achieve through conventional manufacturing techniques [104]. 

Furthermore, Lu et al. [106] explored thermal insulation 

architectures developed using additive manufacturing. Their 

research investigates AM-enabled hierarchical structures that 

provide both thermal insulation and mechanical resilience. The 

integration of 3D-printed silica components, combining 

polymer networks with porous silica, results in super-elastic 

structures featuring low thermal conductivity and tunable 

mechanical properties. These innovative materials have 

promising applications in Battery Thermal Management 

Systems (BTMS) by minimizing thermal aging effects and 

enhancing the overall thermal stability of lithium-ion batteries. 

As depicted in Fig. 6, researchers examined direct ink writing 

(DIW) 3D-printed silica-based (silivoxel) battery enclosures  
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Figure 6: Thermal Performance Analysis of DIW-Silivoxel Battery Casings (a) The DIW-silivoxel battery enclosures are available in 

thicknesses of 2 mm, 3 mm, 4 mm, and 5 mm, with a 10 mm scale bar for reference. (b) Illustration of the thermal mitigation strategy 

for the battery pack. (c, d) Infrared (IR) thermal images displaying DIW-silivoxel enclosures of different thicknesses placed on surfaces 

at varying temperatures—cold (76.9°C) and hot conditions (76.9°C). (e) Lithium-ion battery charging profiles at temperature C, 

comparing cases with thermal protection (open symbols) and without protection (closed symbols) using DIW-silivoxel enclosures [106]. 

with varying thicknesses, including 2 mm, 3 mm, 4 mm, and 5 

mm, to evaluate their thermal insulation performance. Infrared 

(IR) thermographic imaging confirms the effectiveness of 

silivoxel-based enclosures in providing thermal mitigation. 

Battery charge-discharge cycling at elevated temperatures 

(70°C) demonstrated enhanced thermal protection, as 

evidenced by the temperature profiles. Additionally, Nyquist 

plot analysis indicates improved thermal stability for batteries 

equipped with DIW-silivoxel enclosures, underscoring their 

potential for enhanced performance in thermally demanding 

applications. 

4.1.5 Advanced Thermal Regulation through Nanoscale 

Engineering 

Nanoscale engineering has emerged as a pivotal strategy for 

enhancing Battery Thermal Management System (BTMS) 

efficiency. By implementing materials and structures at the 

nanometer scale, researchers have achieved significant 

improvements in reliability and thermal dissipation capabilities 

that address fundamental challenges in battery performance and 

safety. The most prominent nanoscale engineering applications 

include nanofluidic-based BTMS, heat pipes containing 

nanofluids, and phase change materials enhanced with 

nanoparticles [8,107]. 

While liquid cooling remains a fundamental approach in BTMS 

design, thermal media with advanced properties has become an 

increasingly active research domain [108]. Researchers create 

nanofluids by incorporating micro and nano-sized metallic or 

metal oxide particles into base liquids such as water or ethylene 

glycol to significantly enhance thermal conductivity [108-111]. 

Multiple variables influence nanofluid performance, including 

particle composition, morphology (cubic, rod-shaped, 

spherical), dimensions, volumetric concentration, and effective 

surface area [108]. Additional factors affecting nanofluid 

performance include surfactant addition, pH regulation, and 

ultrasonic processing [108]. Common nanoscale additives 

include Cu, CuO, MgO, Al₂O₃, TiO₂, ZnO, AgO, and ZrO₂ 

[109,112-115]. Among these variables, the volumetric 

concentration of nano and micro-sized particles represents a 

critical parameter affecting nanofluid thermal conductivity 

[108,116]. Research examining cooling performance of 

nanofluids containing TiO₂ nanoparticles at 0.25% and 0.5% 

volumetric concentrations demonstrated temperature 

reductions of up to 28.65% compared to conventional cooling 

modules [117]. 

Heat pipes represent another BTMS application where 

nanofluids demonstrate significant potential. In these systems, 

thermal energy absorbed during evaporation is subsequently 
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released during condensation through working fluid phase 

transformation. Despite their inherent effectiveness, heat pipes 

are typically integrated with air or liquid cooling systems to 

maximize performance [109,118,119]. Water cooling at the heat 

pipe condenser remains a standard approach in thermal 

management systems. However, numerous studies have 

explored heat pipes utilizing water-based nanofluids containing 

various nanoparticles including Al₂O₃, TiO₂, carbon nanotubes 

(CNT), and graphene oxide (GO) [120-123]. Research indicates 

that implementing Al₂O₃-based nanofluids at 1.5% volumetric 

concentration in heat pipes can reduce battery thermal 

resistance by approximately 15% [123]. 

Beyond nanofluid applications, nanoparticles and nanofibers 

have demonstrated significant improvements in Phase Change 

Material (PCM) thermal properties [1,107,109,124]. This PCM 

enhancement approach is designated as nanoparticle-enhanced 

PCM (NEPCM). Extensive research has investigated factors 

influencing NEPCM performance, including nanoparticle type, 

morphology, size, volumetric concentration, and 

physicochemical characteristics [107,109,124]. Integrating 

nanoscale materials into PCMs enhances thermal properties 

through their extensive surface area, which significantly 

improves heat exchange efficiency. Additionally, their 

dispersion throughout PCMs creates effective thermal 

exchange pathways that facilitate efficient heat dissipation 

[124]. 

Nanoscale engineering also enables development of porous 

frameworks providing effective thermal runaway mitigation for 

battery systems. This approach extends to creating super-

thermal insulation for energy-critical applications, beginning 

with transformation of mesoporous silica into nanocage silica 

structures for superior thermal insulation against thermal 

runaway events. Research demonstrates that cross-linking 

ceramic fibers with porous silica frameworks achieves a tensile 

Young's modulus of 2.8 MPa while maintaining exceptional 

thermal insulation properties [125]. Additional work has 

explored silicone grease/composite phase change materials 

incorporating polyethylene glycol/boron nitride/expanded 

graphite (CPCM). This approach addresses the significant 

contact resistance created by conventional CPCM's uneven 

surfaces. Compared to standard CPCM, the silicone-enhanced 

composite phase change material (SCPCM) exhibits superior 

dimensional stability and significantly reduced contact thermal 

resistance [126]. 

4.1.6 Intelligent Thermal Management for Ultra-Efficient 

Energy Conservation 

Traditional thermal management systems require considerable 

energy consumption, relying on components such as pumps, 

refrigerants, and control electronics in active cooling setups. In 

this context, the term "near-zero energy" describes the minimal 

external power needed to regulate battery temperature using the 

sorption-induced thermal effects of metal-organic frameworks 

(MOFs). To maintain battery temperature in both hot and cold 

conditions, researchers have introduced an innovative Smart 

Battery Thermal Management (SBTM) approach with near-

zero energy consumption [127]. The system autonomously 

adjusts heating or cooling based on the sorbent’s water sorption 

or desorption states, responding directly to the local battery 

temperature. When overheating occurs, water vapor desorption 

absorbs excess heat, thereby cooling the battery. Conversely, 

during cold conditions, sorption releases heat, warming the 

battery. These reversible thermal effects enable passive cooling 

and heating without requiring additional energy input. 

The proposed self-adaptive SBTM achieves a compact, liquid-

free, high-power-density thermal management system. It 

effectively operates under varying conditions with the aid of 

MIL-101(Cr)-based carbon foam MOFs 

(Cr₃F(H₂O)₂O[(O₂C)C₆H₄(CO₂)]₃·nH₂O), which harvest 

sorption energy from the surrounding air to facilitate 

temperature regulation [28,128]. As illustrated in Fig. 7(c), the 

passive heating and cooling mechanism utilizes reversible 

water vapor sorption/desorption to trigger endothermic and 

exothermic reactions without external energy input. 

Furthermore, a hybrid BTMS was developed by integrating a 

nickel-titanium (NiTi) shape memory alloy (SMA) actuated 

smart wire with a phase change material (PCM) containing 

expanded graphite (EG) to enhance thermal regulation in both 

hot and cold operating conditions [129]. The system 

incorporates an aluminum casing (depicted in Fig. 7(a)), which 

encloses the EG-PCM medium. The NiTi SMA wire’s 

functionality is based on its temperature-dependent behavior, 

adjusting its length in response to thermal fluctuations. When 

the battery reaches its upper temperature limit, the SMA wires 

contract, closing the gap between the battery and the aluminum-

cased PCM-EG BTMS (on-mode). This configuration 

facilitates heat dissipation via conduction and convection. As 

the battery cools, the NiTi SMA wires revert to their original 

length, restoring the separation between the battery and BTMS 

(off-mode), effectively maintaining the battery temperature 

within the desired range. 

In conclusion, Smart Battery Thermal Management (SBTM) 

systems, leveraging advanced materials such as MOFs and 

nickel-titanium shape memory alloys, provide an energy-

efficient, self-regulating solution for battery temperature 

control. By autonomously modulating heating and cooling 

cycles, these systems enhance battery performance, improve 

thermal stability, and ensure optimal operating conditions—all 

without requiring additional energy input. 



ISSN:2455-2631                                                                                                 March 2025 IJSDR | Volume 10 Issue 3 

IJSDR2503128 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org b245 
 

Figure 7: The Smart Battery Thermal Management (SBTM) system operates through multiple mechanisms to regulate battery 

temperature efficiently. It utilizes (a) an attach-detach mechanism in which an aluminum casing with EG-PCM aids in battery cooling, 

facilitated by (b) a Shape Memory Alloy (SMA) that expands and contracts to adjust thermal contact [129]. Additionally, (c) reversible 

water sorption in metal-organic frameworks (MOFs) enables passive heating and cooling without external energy input [28]. These 

innovations contribute to effective, energy-efficient thermal regulation. 

4.2 Cutting-Edge BTMS Strategies for Hazard Prevention 

4.2.1 Mist-Based Approach for Hazard Prevention 

In recent years, air cooling efficiency has been significantly 

improved through an innovative two-phase fluid cooling 

technique, which combines fine water droplets with air for 

battery temperature regulation [137–140]. This method not 

only enhances thermal management but also serves as an 

emergency hazard mitigation system, preventing thermal 

runaway (TR) and acting as a fire suppression mechanism 

[141,142]. 

Current research explores the impact of various additives on 

fire extinguishing efficiency, focusing on their physicochemical 

roles. Physical additives enhance heat absorption, cooling 

efficiency, radiation heat shielding, and oxygen displacement 

by reducing droplet size and surface tension in the mist. 

Meanwhile, chemical additives improve fire suppression by 

breaking down carbon dioxide and water in the combustion 

zone and capturing free radicals during battery ignition. Studies 

have utilized non-ionic surfactant decyl glucoside and anionic 

surfactant sodium dodecylbenzene sulfonate to optimize these 

effects [143]. 

The evaporation of fine water mist droplets at 90°C and 101 

kPa generates a gaseous phase, leading to oxygen displacement 

within the high-temperature combustion zone. Numerical 

simulations using Fire Dynamics Simulator (FDS) (Fig. 8a) 

illustrate that as the mist vaporizes, it diffuses against the 

incoming oxygen flow, reducing oxygen availability near the 

flame. Additionally, a protective inert barrier forms on the cell’s 

surface, preventing fuel-oxygen interaction and thereby 

mitigating combustion. 

J. Xu, Q. Duan, L. Zhang et al. [142] identified four distinct 

cooling phases of water mist application: (a) rapid cooling 

followed by quasi-steady-state cooling, (b) rapid then gradual 

cooling, (c) transitional phase, and (d) rapid heating followed 

by rapid cooling. During the initial mist evaporation phase, the 

mist rapidly vaporizes upon contact with the hot, dry battery 

surface, resulting in immediate cooling. As shown in Fig. 8b, 

continuous mist application eventually forms a liquid film, 

further lowering the cell temperature. However, in the final 

cooling stage, the cooling rate decreases. If thermal runaway 

(TR) occurs, the Leidenfrost effect is triggered, creating a vapor 

layer that prevents direct mist contact with the battery surface, 

reducing evaporation efficiency [142]. 

Additionally, research highlights that three operational modes 

govern water mist behavior: (i) rapid mist evaporation upon 

contact with a high-temperature cell, (ii) liquid film formation 

due to continuous mist spraying, and (iii) a gradual decrease in 

cooling rate in the final stage [142]. Other studies have shown 

that under a spray-cooling mode of 4 + 2.5 m/s, the overall heat 

transfer coefficient (K) reaches 201.0 W/(m²·K)—a 409.3% 

improvement over traditional forced air cooling techniques 

[144]. 

Figure 8: (a) The dispersion of fine water mist droplets to 

suppress fires triggered by lithium-ion batteries (LIBs), and 

(b) the condition of the batteries following the combustion 

experiment [143]. 

5. Sustainable Approaches in Battery Thermal 

Management Systems (BTMS) 
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Effective battery thermal regulation is fundamental to the long-

term viability of battery technologies, as it directly impacts 

ecological integrity, social well-being, and financial feasibility. 

This interconnectedness is apparent throughout the operational 

lifespan of battery thermal management systems (BTMS). For 

example, enhanced operational security and performance 

minimize adverse ecological impacts and potential societal 

hazards, while simultaneously decreasing overall expenditures. 

Consequently, a strategic emphasis on sustainable material 

selection for BTMS, coupled with environmentally conscious 

manufacturing practices and robust end-of-life reclamation 

strategies, harmonizes these critical dimensions with 

internationally recognized sustainable development goals 

(SDGs). 

5.1 Environmental Sustainability of BTMS 

The global transition towards electrification and increasingly 

stringent sustainability mandates necessitates a paradigm shift 

in automotive manufacturing, compelling producers to 

implement eco-conscious design principles across the vehicle's 

entire lifecycle. Optimized battery thermal management 

systems (BTMS) are pivotal in diminishing the carbon footprint 

of electric vehicles (EVs), thereby contributing to a substantial 

reduction in greenhouse gas emissions. This is achieved 

through the enhancement of battery performance and the 

prolongation of battery lifespan, which in turn minimizes the 

frequency of replacements and the associated emissions [150]. 

By maintaining batteries within optimal thermal parameters, 

effective BTMS augment energy conversion efficiency, 

consequently lessening the ecological burden linked to energy 

consumption [151]. Furthermore, the production and end-of-

life management of batteries present substantial environmental 

challenges, including heavy metal contamination and resource 

depletion; however, advancements in BTMS offer a pathway to 

alleviate these concerns by extending battery longevity and 

maximizing operational efficiency [152]. The incorporation of 

environmentally benign working fluids and materials within 

BTMS, such as heat pipes and phase change materials (PCMs), 

plays a crucial role in mitigating adverse ecological impacts 

[153]. Moreover, the synergistic integration of renewable 

energy sources with battery systems supports broader 

decarbonization initiatives [154]. Ultimately, meticulous 

thermal regulation minimizes the holistic lifecycle 

environmental footprint of batteries by enhancing their 

operational effectiveness and durability, thereby curtailing 

emissions associated with both manufacturing and disposal 

phases [155]. 

5.2 Societal Implications of BTMS 

The development and implementation of sustainable thermal 

management solutions are significantly influenced by factors 

such as safeguarding health and safety, fostering economic 

contributions that mitigate supply chain vulnerabilities, and 

promoting responsible social behaviors. Effective Battery 

Thermal Management Systems (BTMS) play a crucial role in 

ensuring the safe operation of batteries by preventing thermal 

runaway and fire hazards, which are paramount for user safety, 

particularly in urban environments [156]. Electric vehicles 

(EVs), through their contribution to improved air quality, 

thermal comfort, and reduced pollution, align with Sustainable 

Development Goal (SDG) 3, enhancing health and well-being. 

Furthermore, EV-based hybrid energy systems can address 

energy reliability challenges [157]. The sourcing and 

processing of battery materials, including lithium and cobalt, 

have substantial social consequences, impacting supply chain 

dynamics, labor conditions, and community well-being. 

Implementing sustainable supply chain practices is essential for 

mitigating these risks [158]. Societal responsibility for 

sustainability is another critical dimension, as collective 

choices and behaviors, such as consumption patterns and policy 

formulation, can either protect or degrade environmental 

resources and influence economic systems. Finally, 

advancements in BTMS technologies enhance the performance 

of EVs, resulting in improved user experiences regarding 

vehicle range, charging efficiency, and overall reliability [159]. 

5.3 Economic Implications of BTMS 

The economic dimensions of Battery Thermal Management 

Systems (BTMS) center on achieving cost-effectiveness, 

minimizing lifecycle expenses, incentivizing innovation 

investments, and bolstering market competitiveness, thereby 

generating long-term economic advantages for manufacturers, 

consumers, and the electric vehicle (EV) sector. The diverse 

range of BTMS technologies, including air cooling, liquid 

cooling, and heat pipes, presents varying cost considerations 

[151]. Implementing effective BTMS can yield substantial 

economic benefits by reducing maintenance expenditures and 

extending battery longevity, benefiting both producers and end-

users [160]. The advancement and optimization of BTMS 

necessitate significant capital allocation towards research and 

development [161]. Simulation analyses indicate that the 

integration of BTMS with complementary systems, such as 

power-to-heat, can further enhance economic viability [162]. 

While initial investments may be substantial, they promise 

long-term economic returns through improved battery 

performance and reduced operational costs [27]. Ultimately, 

advanced BTMS technologies can strengthen the market 

competitiveness of EVs by enhancing performance, reliability, 

and cost-efficiency, all of which are critical drivers for 

consumer adoption and market expansion. 

6. Advanced Methodologies for Thermal Regulation in 

Batteries 

6.1 Combined Cooling Methodologies 

Innovative advancements in battery cooling technologies are 

revolutionizing thermal management strategies, enhancing 

efficiency, safety, and sustainability. Cutting-edge techniques, 

such as liquid immersion cooling, advanced phase change 

materials (PCMs), and nanofluid-based cooling, are being 

explored to improve heat dissipation. Additive manufacturing 

enables the design of intricate cooling structures, optimizing 

thermal regulation while reducing weight and material usage. 

Additionally, the integration of artificial intelligence (AI) and 

machine learning facilitates real-time temperature monitoring 

and adaptive cooling strategies. These emerging technologies 

are shaping the future of battery thermal management, ensuring 

enhanced performance and extended battery lifespan in various 

applications. 



ISSN:2455-2631                                                                                                 March 2025 IJSDR | Volume 10 Issue 3 

IJSDR2503128 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org b247 
 

 

Figure 9: BTMS schematic, illustrating: (a) its design, (b) normal heat flow, and (c) heat transfer during thermal runaway 

6.1.2 Integration of Liquid Cooling, Phase Change Materials, 

and Heat Pipes for Thermal Management 

Yang et al. [163] developed a hybrid liquid cold plate featuring 

Z-type parallel cooling channels, a PCM/aluminum foam 

composite, and a delayed cooling mechanism. Their findings 

revealed that this optimized cold plate design, which weighs 

50% less than the conventional version, reduces total pumping 

power by over half while maintaining effective thermal 

regulation, keeping battery temperatures below 40°C at 

discharge rates of 1C, 2C, and 3C. Similarly, Liu et al. [164] 

proposed an advanced hybrid cooling system combining 

PCM/copper foam and helical liquid channels, demonstrating a 

battery temperature reduction of over 30 K compared to natural 

convection. 

In another approach, Weng et al. [165] designed a hybrid 

cooling system incorporating heat pipes embedded in PCM, 

leveraging both forced and natural convection for battery 

thermal regulation. Zhang et al. [166] explored the integration 

of PCM and liquid cooling to contain thermal runaway in 

battery modules. For prismatic batteries, Hekmat and 

Molaeimanesh [167] introduced a sandwich-structured cooling 

system embedding water pipes within PCM, significantly 

enhancing temperature uniformity. Meanwhile, Wu et al. [168] 

utilized PCM within the gaps between cylindrical batteries, 

integrating a mini-channel cold plate beneath the battery 

module for improved cooling. 

Further research by Akbarzadeh et al. [169] investigated hybrid 

liquid/PCM cold plates for prismatic battery modules, 

incorporating a liquid cooling plate into PCM and affixing 

hybrid cooling plates at both ends of the battery pack. Their 

study found that this configuration provided effective cooling 

throughout operational cycles and acted as a thermal runaway 

barrier. Hybrid cold plates demonstrated up to 30% lower 

coolant pumping power than active cooling systems while 

significantly enhancing temperature uniformity. 



ISSN:2455-2631                                                                                                 March 2025 IJSDR | Volume 10 Issue 3 

IJSDR2503128 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org b248 
 

Figure 10: Integrated PCM-Liquid Cooling Thermal Management System (Dual-mode battery thermal regulation solution featuring: 

(a) conceptual diagram illustrating the architectural configuration of the combined phase change material and liquid cooling 

arrangement; (b) photographic representation showing the physical implementation of the hybrid system [167]. 

Cao et al. [170] advanced a PCM-based hybrid cold plate with 

a delayed cooling strategy, ensuring temperature uniformity 

while reducing energy consumption. Meanwhile, Hu et al. 

[171] examined the influence of pump start-up time, flow rate, 

and intake temperature on battery thermal and electrical 

performance, developing a hybrid cooling system that 

dynamically balances passive and active cooling. Their findings 

suggest that passive cooling meets heat dissipation demands 

under moderate conditions, with active liquid cooling required 

only in extreme situations, such as 3C discharge at 35°C. 

Mousavi et al. [172] proposed a novel hybrid cooling method 

incorporating PCM and liquid cooling for prismatic battery 

modules. In their setup, battery cells were arranged between 

vertically oriented mini-channel cooling plates. Empirical and 

numerical studies confirmed that at 2C and 3C discharge rates, 

the maximum battery temperature in the hybrid system using 

three PCM plates was reduced by 5.6 K and 16.2 K, 

respectively, compared to systems without PCM. Furthermore, 

temperature differentials decreased by up to 33% at 3C 

discharge with the inclusion of PCM plates. The system also 

improved emergency thermal management, with PCM-

enhanced modules extending the time to reach critical 

temperatures by 38% (one PCM plate) and 105% (three PCM 

plates). Additionally, power consumption per battery cell 

dropped by 68% at 3C discharge. 

Rao et al. [173] conducted a numerical investigation of a 

PCM/mini-channel hybrid BTMS, analyzing flow rates, 

material properties, and mini-channel configurations. Their 

findings highlighted that the PCM's thermal conductivity and 

melting point significantly influence its phase transition 

efficiency. They identified optimal parameters for PCM 

integration, recommending a melting temperature of 308.15 K 

and a thermal conductivity of 0.6 W/m·K. Their results showed 

that the peak temperature in the hybrid BTMS was 320.6 K, 

significantly lower than the 335.4 K observed in PCM-only 

systems. 

Table 3 summarizes research on hybrid cooling systems 

incorporating liquid cooling, PCM, and heat pipes for BTMS 

applications. These studies underscore the improvements in 

cooling efficiency, energy conservation, and thermal stability 

achieved through hybrid approaches, contributing to enhanced 

battery performance, safety, and longevity. 



ISSN:2455-2631                                                                                                 March 2025 IJSDR | Volume 10 Issue 3 

 

IJSDR2503128 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org b249 
 

6.1.3 Integration of Air Cooling, Phase Change Materials, and 

Heat Pipes for Thermal Management 

Heat pipes and phase change materials (PCMs) have attracted 

significant commercial attention as passive thermal 

management solutions requiring no additional power input for 

applications including heat recovery, solar energy collection, 

electronics cooling, modern industrial processing, aerospace 

systems, and battery thermal management [174]. Sharma et al. 

[175] presented a comprehensive analysis of air-cooled and air-

centric hybrid battery thermal management systems (BTMS). 

Their work examined thermal performance across various 

designs and operating conditions, comparing system 

effectiveness in reducing maximum temperatures and 

minimizing temperature gradients within battery modules. The 

research aimed to provide practical guidelines for developing 

air-cooled hybrid systems that require minimal resources and 

complexity, thereby reducing parasitic power consumption. 

Dan et al. [176] developed an innovative hybrid BTMS 

combining air cooling with micro heat pipe arrays and proposed 

a corresponding thermal model utilizing circuit analysis 

principles. Their findings demonstrated that natural air 

convection integrated with micro heat pipe arrays maintained 

battery temperatures below 40°C at 1C discharge rates, while 3 

m/s airflow achieved similar results at 3C discharge rates. Post-

discharge temperature variations between cells remained below 

2°C. The superior thermal performance resulted from increased 

effective heat transfer contact area, the exceptional heat transfer 

capacity of heat pipes, and rapid heat absorption capabilities 

during high-rate discharge conditions. 

Ling et al. [177] addressed heat accumulation challenges in 

PCM systems with inadequate natural air convection through 

experimental investigation of a hybrid configuration (forced air 

combined with PCM) for lithium-ion battery packs undergoing 

cyclical charging/discharging. Their hybrid system successfully 

maintained battery temperatures below 45°C throughout all five 

test cycles, while passive PCM-only systems achieved 

acceptable performance for only the first two cycles, 

particularly at higher discharge rates. Additional investigation 

into airflow velocity effects revealed that 3 m/s proved 

sufficient for maintaining lithium-ion battery temperatures 

within specified operational ranges. 

Situ et al. [178] engineered the using dual copper mesh 

reinforcement with PCM plates for prismatic lithium-ion 

battery modules generating substantial thermal loads. The 

maximum recorded temperature reached 55°C using the double 

copper mesh PCM configuration at 5.2C discharge rate with 

optimized 6 m/s airflow velocity. Wu et al. [179] manufactured 

advanced ternary paraffin+expanded graphite+copper mesh 

PCM composites and developed a hybrid thermal management 

system addressing limitations of binary paraffin/expanded 

graphite PCMs, including insufficient thermal conductivity, 

inadequate structural integrity, and module deterioration during 

repeated phase transition cycles. While PCM-only systems 

recorded maximum temperatures of 81.9°C, the hybrid 

configuration maintained peak temperatures at 55°C with 

temperature differentials of only 2°C across charge/discharge 

cycles. This performance enhancement resulted from copper 

mesh integration, which significantly improved thermal 

conductivity. 

Rectangular PCM configurations demonstrated superior 

cooling performance due to uniform air channel distribution. 

Results indicated comparable thermal regulation between 

circular and hexagonal PCM arrangements. Optimized airflow 

at 0.2 m/s increased cooling efficiency by 624% compared to 

natural convection. Battery pack architecture and cell 

configuration emerged as critical factors affecting overall 

cooling performance. 

Bamdezh et al. [185] conducted quantitative analysis of hybrid 

BTMS performance using various configurations, examining 

effects of cell density, arrangement patterns, and PCM 

thickness. Results demonstrated that increased PCM thickness, 

staggered cell arrangements, and greater intercellular spacing 

enhanced cooling performance due to increased thermal 

capacity. Temperature variations between battery cells 

remained below 1.5°C across all test scenarios, confirming the 

hybrid system's capability to maintain temperature uniformity. 

Lv et al. [186] developed an innovative hybrid BTMS with 

forced air convection for battery modules, introducing 

serpentine composite phase change materials (S-CPCM) to 

enhance heat dissipation capabilities compared to conventional 

block-shaped CPCM (B-CPCM). Maximum temperature 

decreased from 54.2°C to 51.9°C at identical fan speeds while 

using 70% less phase change material and increasing energy 

density by 13.8 Wh/kg. This remarkable improvement in 

thermal efficiency with reduced PCM usage resulted from 

increased contact surface area with cooling media. 

Table: 3 

Study Configuration and 

Methodology 

Key Findings 

Yang et al. [163] Z-type parallel cooling 

channels with PCM/ 

aluminum foam 

composite 

Reduced total pumping 

power by >50%, 

maintained average 

battery temperature 

within 40 ◦ C for 

discharging rates of 

1C, 2C, and 3C. 

Liu et al. [164] PCM/copper foam with 

helical liquid channels 

Lowered battery 

temperature by > 30 K 

compared to natural 

convection. 

Weng et al. [165]

 
  

Heat pipe embedded 

inPCM, utilizing forced 
and natural convection 

Enhanced thermal 

management for 
improved heat 

dissipation. 

Zhang et al. [166] PCM and liquid cooling 

to control thermal 

runaway 

Improved temperature 

uniformity, effectively 

contained thermal 

runaway in battery 

modules. 

Hekmat and 

Molaeimanesh [167] 

Water pipes in PCM 

sandwich structure 

Significantly improved 

temperature uniformity 
for prismatic batteries. 

Wuet al. [168] PCM filling between 

cylindrical batteries with 

mini channel cold plate 

Maintained stable 

battery temperatures, 

with mini channel cold 

plate enhancing 

thermal stability. 

Akbarzadeh et al. 

[169] 

Hybrid liquid/PCM cold 

plates in prismatic 

modules 

Achieved up to 30% 

reduction in coolant 

pumping power, 

greatly enhanced 

temperature 

uniformity. 
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Cao et al. [170] PCM-based hybrid cold 

plate with delayed 

cooling technique 

Maintained 

temperature uniformity 

and minimized power 

consumption. 

Hu et al. [171] Passive-active hybrid 

cooling with controlled 

pump start-up time 

Sufficient for low-rate 

heat dissipation; active 

cooling used only for 

extreme conditions, 

improving energy 

efficiency. 

Mousavi et al. [172] PCM with vertically 

oriented mini-channel 

cool plates for prismatic 

batteries 

Reduced power 

consumption per cell 

by 68% at 3C 

discharge; reduced 

temperature 

differential by up to 

33% with PCM plates. 

Rao et al. [173] PCM/mini channel 

hybrid system, evaluating 

flow rate, conduction, 

and melting point 

Optimal PCM melting 

temperature at 308.15 

K and conduction of 

0.6 W/m⋅K; maximum 

temperature of 320.6 

K, lower than the 

335.4 K in PCM-only 

systems. 

 

Table 3 presents a comprehensive summary of recent research 

advances in thermal management systems integrating 

convective cooling with phase change materials and thermal 

transfer conduits. 

6.2 Advanced Materials for Battery Cooling: Nanomaterials 

and Graphene 

The escalating demand for high-performance, safe, and durable 

batteries, particularly in electric vehicles (EVs) and energy 

storage systems, has intensified the need for effective battery 

thermal management systems (BTMS). Conventional cooling 

methods often fall short in addressing the complex thermal 

challenges posed by modern batteries. Advanced materials, 

notably nanomaterials and graphene, offer transformative 

solutions by leveraging their exceptional thermal properties. 

6.2.1 Nanomaterials: Tailoring Thermal Properties for 

Enhanced Cooling 

Nanomaterials, characterized by their nanoscale dimensions, 

exhibit unique physical and chemical properties that 

significantly enhance heat transfer. Their high surface area-to-

volume ratio, quantum confinement effects, and tailored 

surface functionalities enable them to outperform traditional 

materials in BTMS applications. 

Carbon Nanotubes (CNTs): High Thermal Conductivity 

Pathways:  

Thermal Conductivity: CNTs, both single-walled (SWCNTs) 

and multi-walled (MWCNTs), possess exceptionally high 

thermal conductivity, exceeding 3,000 W/mK along their axial 

direction. This makes them ideal for creating efficient heat 

conduction pathways within BTMS. 

Applications: 

Heat Sinks and Cooling Plates: CNT-enhanced composites 

can be used to fabricate heat sinks and cooling plates with 

improved thermal conductivity, facilitating rapid heat 

dissipation.  

Phase Change Materials (PCMs): Incorporating CNTs into 

PCMs enhances their thermal conductivity, accelerates heat 

absorption and release, and improves their overall thermal 

performance.  

Thermal Interface Materials (TIMs): CNT-based TIMs 

provide efficient heat transfer between battery cells and cooling 

systems, minimizing thermal resistance. 

Challenges: 

Dispersion and alignment of CNTs within matrices are critical 

for achieving optimal thermal performance.  

High production costs and scalability remain significant 

challenges. 

Metallic Nanoparticles: Enhancing Convective Heat 

Transfer 

Nanofluids: Metallic nanoparticles, such as Al₂O₃, CuO, and 

Ag, dispersed in base fluids, form nanofluids with enhanced 

thermal conductivity and convective heat transfer coefficients.  

Mechanism: Nanoparticles increase the effective thermal 

conductivity of the fluid, promote turbulence, and enhance heat 

transfer at the fluid-solid interface.  

Applications:  

Liquid cooling systems: Nanofluids improve the efficiency of 

liquid cooling by enhancing heat removal from battery 

modules. 

Microchannel and minichannel cooling: Nanofluids enhance 

the performance of microchannel and minichannel cooling 

systems, which are crucial for compact battery modules. 

Considerations:  

Stability and agglomeration of nanoparticles in the fluid are 

critical factors affecting long-term performance. 

Potential for increased viscosity and pressure drop needs to be 

carefully evaluated. 

Boron Nitride Nanotubes (BNNTs): Thermal Conductivity 

with Electrical Insulation 

Dual Functionality: BNNTs offer high thermal conductivity 

(similar to CNTs) while providing electrical insulation, a 

crucial property for battery cooling applications. 

Applications:  

Electrically insulating thermal interface materials. 

Thermally conductive insulating coatings for battery 

components. 

Advantages:  

Eliminates the risk of electrical short circuits, enhancing battery 

safety. 

Enables the development of compact and efficient BTMS. 

6.2.2 Graphene: The Ultimate Thermal Conductor 
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Graphene's exceptional in-plane thermal conductivity (over 

5,000 W/mK) makes it a game-changer in battery thermal 

management. Its unique two-dimensional structure and strong 

carbon-carbon bonds contribute to its superior thermal 

properties. 

Applications of Graphene in BTMS 

Thermal Interface Materials (TIMs): Graphene-based TIMs 

provide ultra-high thermal conductivity, minimizing thermal 

resistance between battery cells and cooling systems. 

Heat Spreaders and Cooling Films: Graphene sheets and 

films can be integrated into battery modules to create efficient 

heat spreaders, ensuring uniform temperature distribution. 

Graphene-Enhanced PCMs: Incorporating graphene into 

PCMs significantly enhances their thermal conductivity and 

improves their ability to absorb and release heat. 

Graphene-Based Nanofluids: Graphene-based nanofluids 

exhibit superior thermal conductivity and heat transfer 

capabilities compared to conventional coolants and metallic 

nanoparticle-based nanofluids. 

Electrode and current collectors: Graphene can be added to 

the electrode or current collectors to improve the heat transfer 

properties of the battery itself. 

Advantages of Graphene-Based BTMS 

Ultra-High Thermal Conductivity: Enables rapid and 

efficient heat dissipation, preventing overheating and thermal 

runaway. 

Lightweight and Flexible: Allows for the development of 

compact and flexible BTMS, suitable for various battery 

configurations. 

Enhanced Thermal Stability: Improves the thermal stability 

of battery components and cooling systems. 

Challenges and Future Directions 

Production Costs: Large-scale production of high-quality 

graphene remains expensive. 

Integration and Processing: Developing efficient methods for 

integrating graphene into existing battery designs is crucial. 

Functionalization: Tailoring the surface properties of 

graphene to enhance its compatibility with other materials is 

essential. 

Hybrid materials: Creating hybrid materials that combine 

graphene with other materials, to gain the high thermal 

conductivity, and reduce the overall cost. 

7. Challenges and Future Directions 

As the global transition toward decarbonization accelerates, the 

shift from fossil fuel-based transportation to green energy-

powered electric vehicles (EVs) has increased the need for 

efficient thermal management of lithium-ion battery packs. 

Researchers have explored numerous techniques to enhance 

battery thermal management systems (BTMS) to improve EV 

performance. However, significant opportunities remain for 

further advancements in various aspects of BTMS, which are 

outlined below. 

Air-cooling systems are widely adopted due to their simple 

construction, low operational cost, and ease of implementation. 

However, their effectiveness is limited by air’s low thermal 

conductivity and specific heat capacity. To improve air cooling 

performance, innovative battery pack designs, optimized 

airflow passages, and external airflow arrangements must be 

considered. Enhancing the spatial layout of battery modules can 

also contribute to superior cooling efficiency. 

On the other hand, liquid cooling is one of the most effective 

solutions for BTMS. However, further research is necessary to 

optimize its performance while balancing energy consumption, 

cost, and compatibility with modern EVs. Phase change 

materials (PCMs) offer several advantages, including reduced 

energy consumption, minimal volume fluctuations, lower noise 

levels, and high cooling rates. However, the cooling efficiency 

of PCMs diminishes during phase transitions, particularly when 

the battery’s operating temperature surpasses the PCM's 

melting point due to its inherently low thermal conductivity. 

To address this limitation, extensive research is needed to 

develop composite PCMs with superior thermal properties for 

long-term BTMS operation. The integration of phase change 

liquid cooling and heat pipe technology is another promising 

approach, but large-scale, long-term implementation still 

requires significant development. The use of nanofluid-based 

heat pipes could improve heat transfer efficiency and cost-

effectiveness, particularly considering EVs’ stringent 

requirements such as fast charging, variable loads, and multiple 

thermal conditions. Additionally, micro heat pipes (MHPs) 

present an opportunity for further research to develop more 

efficient cooling strategies. 

Incorporating low-temperature preheating methods, such as 

internal self-heating mechanisms within battery cells, holds 

potential for next-generation intelligent BTMS. Immersion 

cooling using dielectric liquids and refrigerant-based cooling 

techniques also offer promising solutions. However, their large-

scale adoption requires a thorough investigation of factors such 

as fluid properties, stability, material compatibility, and system 

longevity. 

Recent advancements in hybrid cooling systems that integrate 

multiple established techniques have demonstrated significant 

potential for BTMS optimization. However, further research is 

essential to develop cost-effective implementations. 

Additionally, optimizing battery pack design and vehicle 

structure using advanced computational methods, including 

various optimization algorithms, is crucial for enhancing 

thermal management. 

Future EVs must incorporate intelligent design strategies to 

maximize efficiency, improve control systems, minimize 

battery power consumption, optimize space utilization, and 

enhance subsystem integration within BTMS. This calls for 

extensive research and technological advancements in thermal 

management. 

Machine learning (ML) tools offer a promising avenue for 

optimizing BTMS, facilitating the rapid development of digital 

twin models. However, further research is needed to refine 
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these models for enhanced accuracy and reliability. Artificial 

neural networks (ANNs) provide multivariate analysis 

capabilities, high precision, and strong noise tolerance, making 

them valuable for optimizing parameters and designing more 

efficient BTMS. Nonetheless, extensive study is still required 

to fully realize their potential. 

7.1 Current Gaps, Outlook, and Manufacturing Challenges. 

7.1.1 Challenges 

Several key challenges persist in the research and development 

of Battery Thermal Management Systems (BTMS). These 

include optimizing material selection, enhancing system safety 

and thermal dissipation, reducing overall weight and 

complexity, and integrating artificial intelligence (AI) and 

machine learning (ML) for improved predictive capabilities and 

monitoring. A comprehensive and customizable approach, 

incorporating both software and hardware advancements, is 

essential to meet specific thermal requirements [190]. The 

primary challenges in BTMS are outlined below: 

Thermal Runaway and Safety: Maintaining battery 

temperatures within an optimal range is critical to preventing 

thermal runaway and associated safety risks. Despite progress 

in BTMS development, high-energy-density batteries still 

generate substantial heat, particularly during rapid charging and 

high-power operations, necessitating more effective thermal 

management strategies [190]. 

Electrode and Material Optimization: The chemical 

reactions within batteries occur at the electrodes, and reducing 

internal resistance can minimize heat generation while 

improving cell capacity and electrode longevity. However, 

excessively thin electrodes may compromise energy storage 

capabilities, and trade-offs exist between efficiency and 

increased manufacturing costs [158]. 

AI and ML for Predictive Thermal Management: While AI 

and ML have been employed to predict battery thermal 

behavior, selecting the most effective models remains a 

challenge. Although these technologies have reduced costs and 

accelerated material selection for BTMS, optimizing materials 

for high-performance systems operating under extreme thermal 

conditions remains an ongoing issue [190]. 

Weight, Volume, and Efficiency Trade-offs: Various BTMS 

approaches, such as liquid cooling, phase change materials 

(PCMs), and hybrid systems, add significant weight and bulk to 

battery packs, limiting their scalability for applications with 

space constraints, including electric vehicles (EVs) and aircraft. 

Additionally, the thermal conductivity of PCMs requires 

improvement to enhance heat dissipation under high loads. 

While air-cooling systems offer a lightweight and 

straightforward solution, they are often inadequate for 

managing substantial thermal loads [23,191,192,193]. 

Sustainability and Regulatory Compliance: Developing 

BTMS that adhere to sustainability regulations while 

maintaining economic feasibility remains a significant 

challenge. Ensuring compliance with environmental standards 

without compromising performance and affordability is crucial 

for widespread adoption [190]. 

 

 

 

 

 

Figure 11: Sustainable thermal management development 

chart. 

7.1.2 Opportunities 

Despite these challenges, numerous opportunities exist for 

advancing BTMS technology, as highlighted below: 

Early Detection and AI Integration: The incorporation of 

advanced temperature and pressure sensors, combined with AI-

driven predictive algorithms, can enable real-time monitoring 

and early detection of potential safety hazards, thereby 

improving system reliability and operational efficiency [190]. 

Additive Manufacturing and 3D Printing: The integration of 

additive manufacturing with cutting-edge materials, such as 

graphene and other 2D nanomaterials, offers significant 

potential for enhancing BTMS performance. These advanced 

materials can improve heat transfer efficiency and overall 

thermal management capabilities [27,191,193]. 

Smart Battery Thermal Management: The development of 

self-adaptive, intelligent BTMS can lead to near-zero energy 

and liquid-free cooling solutions. Innovations such as metal-

organic frameworks (MOFs) can enable dynamic heating and 

cooling based on environmental conditions, optimizing energy 

usage and thermal regulation [190]. 

Sustainability and Energy Efficiency: Moving beyond 

conventional cooling techniques, where excess heat is 

dissipated into the environment, future BTMS solutions should 

focus on sustainability. Advancements in heat exchange 

systems can help reduce energy consumption and emissions. 

Additionally, integrating thermoelectric generators into BTMS 

can convert waste heat into usable electricity, paving the way 

for innovative cogeneration systems [188]. 

Advanced Designs and Materials: The application of novel 

design structures, such as Triply Periodic Minimal Surface 

(TPMS) geometries and vibration-enhanced BTMS, offers 

promising improvements in thermal stability and energy 

efficiency. Furthermore, nanoengineered porous silica and 
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flexible PCMs can enhance cooling performance and battery 

safety. Biomimetic designs, inspired by natural structures like 

leaf vein networks, can also improve heat dissipation efficiency 

and be tailored to different battery configurations for optimized 

performance [190]. 

Cost Considerations: While thermal performance has been 

extensively studied, cost implications are often overlooked. 

Recent simulation-based studies have shown that optimizing 

battery pack configurations, such as adjusting the spacing 

between cylindrical cells in a PCM-assisted system, can 

significantly reduce operational costs. Efficient battery 

arrangement can lower the electricity consumption needed to 

solidify PCM, making the system more cost-effective [190]. 

7.1.3 Patent Analysis and Technology Trends 

Patent data analysis provides valuable insights into 

technological advancements in BTMS, guiding enterprise 

research and development efforts while informing technology 

life cycles. Evaluating patents helps assess the cost-

effectiveness of different BTMS solutions across varying 

climatic conditions, offering practical applications for industry 

and policy decisions. 

Yang and Shi categorized battery patents into three levels: cell, 

module, and pack. Their findings indicate that while cell-level 

technology is relatively mature, module- and pack-level 

innovations are still evolving due to increasing demand for 

larger, higher-performance batteries for EVs. Patent analysis 

also highlights key countries and industry leaders driving 

BTMS innovation, providing crucial intelligence for research 

collaborations and technological partnerships [195]. 

Additionally, Spreafico et al. have explored the role of patent 

analysis in supporting Life Cycle Assessment (LCA). They 

proposed a prospective LCA framework that evaluates the 

environmental sustainability of emerging BTMS technologies 

before they reach commercial viability. However, conducting a 

comprehensive patent analysis is beyond the scope of this 

review [196,197]. 

8. Conclusion 

Battery Thermal Management Systems (BTMS) are integral to 

enhancing the safety, efficiency, and longevity of lithium-ion 

batteries, particularly in electric vehicles (EVs). Traditional 

cooling methods, including air cooling, liquid cooling, phase 

change materials (PCMs), and heat pipes, each offer unique 

advantages but also present limitations in terms of energy 

consumption, scalability, and thermal regulation. As EV 

technology advances, the demand for more effective and 

sustainable thermal management solutions continues to grow. 

Recent advancements in BTMS focus on hybrid cooling 

strategies, nanomaterial integration, AI-driven predictive 

modeling, and sustainable design approaches. The 

incorporation of advanced materials such as graphene, 

nanofluids, and metal-organic frameworks (MOFs), along with 

smart self-regulating thermal management, has demonstrated 

significant potential in optimizing heat dissipation and 

improving battery reliability. AI-powered control systems 

further enhance efficiency by enabling real-time monitoring, 

adaptive cooling, and early fault detection, reducing thermal 

runaway risks. 

Future research should prioritize cost-effective large-scale 

implementation, energy-efficient hybrid cooling solutions, and 

environmentally friendly cooling strategies. By integrating 

machine learning, additive manufacturing, and biomimetic 

designs, next-generation BTMS can achieve superior thermal 

performance while maintaining sustainability. As the global 

transition toward green energy accelerates, continuous 

innovation in BTMS will play a pivotal role in improving EV 

adoption, battery life cycles, and overall energy storage 

solutions. 
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