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Abstract  

The rapid evolution of hybrid and electric vehicle (EV) technologies has necessitated advancements in energy 

management strategies, powertrain optimization, and sustainable charging infrastructure. This review consolidates recent 

research contributions in hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and fuel cell hybrid 

electric vehicles (FCHEVs), focusing on thermal management, battery optimization, and energy -efficient charging 

systems. Studies highlight intelligent energy management strategies incorporating real-time speed profiles, particle swarm 

optimization, and meta-model-based techniques to enhance vehicle performance and reduce emissions. Thermal 

management systems integrating hybrid control techniques have demonstrated  improved efficiency in battery and power 

electronics cooling. Additionally, research on powertrain configurations, including series, parallel, and power-split 

architectures, has emphasized the role of advanced control algorithms in maximizing fuel economy  and extending battery 

life. Sustainable charging infrastructures leveraging renewable energy sources, such as solar-powered charging stations, 

are gaining traction, with optimization models designed for efficient energy distribution. Furthermore, the long -term 

impact of battery aging and vehicle performance degradation on emissions and cost -effectiveness is examined. 

Comparative studies assessing hybridization benefits in terms of lifecycle emissions and fuel economy provide insights 

into the economic and environmental feasibility of different powertrain technologies. This review aims to present a 

comprehensive synthesis of contemporary advancements and challenges in hybrid and electric vehicle technologies, 

providing a foundation for future research directions toward sustainable and energy-efficient transportation solutions.  
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Introduction  

The transportation sector has witnessed a paradigm shift with the emergence of hybrid electric vehicles (HEVs) and plug -

in hybrid electric vehicles (PHEVs), offering a sustainable alternative to conventional internal combustion engine (ICE) 

vehicles. The pressing concerns over climate change, depleting fossil fuel reserves, and stringent emission regulations 

have propelled research and development in vehicle electrification. The integration of renewable energy sources, advanced 

energy management systems, and optimization techniques has further enhanced the efficiency and sustainability of hybrid 

and electric vehicles [1]–[3]. This review explores advancements in thermal management, energy optimization, and the 

role of hybridization in achieving sustainability in modern vehicles. Energy management plays a crucial role in enhancing 

vehicle efficiency and minimizing energy losses. Various strategies, including metamodel -based optimization and rule-

based energy management, have been explored to improve power dist ribution in PHEVs and HEVs [8], [9]. Adaptive 

energy management systems leveraging real-time speed profiles and optimized battery discharge levels further contribute 

to efficiency enhancement [9]. Additionally, the integration of fuel cells, super capacito rs, and batteries has been 

extensively studied to improve energy storage and utilization while reducing power losses in electric drivetrains [11]. 

Machine learning and artificial intelligence (AI)-based techniques have also been incorporated into energy op timization 

models. These approaches aim to predict vehicle energy demands accurately and optimize power distribution between 

different energy sources. Advanced particle swarm optimization and metaheuristic techniques have been employed to 

develop intelligent control strategies that enhance battery longevity and vehicle range [1], [4]. The incorporation of 

renewable energy-based charging infrastructure further supports the adoption of sustainable transportation systems [7]. 

Effective thermal management is critical for ensuring the optimal performance and longevity of hybrid and electric vehicle 

components. HEVs and PHEVs incorporate complex powertrain architectures that require efficient cooling systems to 

regulate battery temperature, reduce overheating, and maintain energy efficiency. Several studies have investigated 

integrated thermal management strategies to optimize energy consumption in hybrid electric vehicles [10]. Recent 
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advancements in central thermal management systems for HEVs and PHEVs have focused on integrating phase change 

materials, liquid cooling, and predictive control algorithms to enhance thermal efficiency. Particle swarm optimization-

based thermal management strategies have also been explored to improve energy savings while maintaining battery health 

[1]. Additionally, researchers have studied the impact of vehicle and battery aging on energy efficiency and emissions, 

highlighting the need for robust thermal regulation mechanisms [6]. The optimization of inverter switching frequencies 

has also been proposed as a means to reduce power losses and thermal stress in electric drivetrains [5]. Hybrid pulse -

width modulation (PWM) techniques, combined with variable switching frequencies, have been shown to enhance thermal 

performance while minimizing power losses in electric propulsion systems [5]. Sustainability is a key driving factor 

behind hybrid and electric vehicle adoption. The integration of renewable energy sou rces in vehicle charging stations, 

such as solar-powered and windpowered charging infrastructure, has gained significant attention [7]. Studies have 

explored optimizing plug-in hybrid electric vehicle charging stations to reduce grid dependency and promote  the use of 

sustainable energy sources [7]. Furthermore, the impact of hybridization on reducing greenhouse gas emissions and 

improving fuel economy has been extensively analyzed. Hybridization strategies, including series, parallel, and power-

split configurations, have significantly improved fuel efficiency and emission reductions [19], [28]. The evolution of 

HEVs and PHEVs has also been examined through historical perspectives, highlighting the role of policy interventions, 

consumer preferences, and technological advancements in shaping the market trends of electrified vehicles [12], [15]. 

Multiple factors, including government incentives, infrastructure availability, and advancements in battery technologies 

[2], [17], have influenced the adoption of hybrid vehicles.  

  

Literature Review 1. Effect of Energy Management Strategies in Hybrid and Electric Vehicles  

1.1 Rule-Based Energy Management Strategies  

Rule-based energy management strategies (EMS) are among hybrid and electric vehicles' most commonly implemented 

approaches due to their simplicity and real-time applicability. These strategies operate on predefined heuristics that 

determine power distribution between energy sources based on operational conditions.  

  

Lin et al. [1] introduced a thermal management control system using particle swarm optimization (PSO) for hybrid electric 

energy systems in electric vehicles (EVs). The study highlighted the effectiveness of the method in reducing thermal 

losses and improving overall efficiency. Sayah et al. [4] examined an advanced EMS with road gradient considerations 

for fuel-cell hybrid electric vehicles, demonstrating its effectiveness in optimizing energy utilization based on terrain 

variations. Similarly, Nayak and Satpathy [9] developed an adaptive EMS for plug-in hybrid electric vehicles (PHEVs) 

that utilized real-time speed profiles and optimized battery discharge levels.A comparative analysis of various rule -based 

strategies is presented in Table 1.  

  

Table 1: Comparison of Rule-Based EMS  

Study  Vehicle Type  Control Parameter  Key Findings  

Lin et al. [1]  EV  PSO-based thermal management  Improved efficiency  

Sayah et al. [4]  Fuel Cell Hybrid  Road gradient consideration  Enhanced energy utilization  

Nayak & Satpathy [9]  PHEV  Speed profiles & battery optimization  Better discharge efficiency  

  

1.2 Optimization-Based Energy Management Strategies  

Optimization-based EMS employs mathematical models to achieve optimal energy distribution between various sources. 

These methods often include deterministic and stochastic approaches such as dynamic programming (DP), model 

predictive control (MPC), and equivalent consumption minimization strategy (ECMS). Machacek et al. [3] explored 

energy management in hydrogen hybrid EVs, demonstrating potential improvements using DP-based optimization. Zhang 

et al. [10] developed a hybrid EV central thermal management system that integrates an optimization approach to enhance 

overall vehicle performance. Bhattacharjee et al. [8] introduced a meta-model-based optimization for rule-based EMS in 

second-hand PHEVs, optimizing performance despite battery degradation over time.  The primary advantages of 

optimization-based EMS are their ability to achieve near-global optimal solutions for energy allocation. However, their 

computational complexity often limits real-time implementation.  

  

1.3 AI-Driven Energy Management Strategies  

Artificial intelligence (AI)-driven EMS has gained traction due to advancements in machine learning and deep learning 

algorithms. These strategies leverage real-time data and predictive analytics to improve energy distribution dynamically. 

Ibrahim et al. [5] proposed a power loss reduction technique using variable switching frequency hybrid PWM for three -

phase inverters in EVs. Their study showcased AI-driven improvements in inverter efficiency. Ramkumar et al. [11] 

explored the use of AI for optimizing battery and super capacitor management in EVs, demonstrating a hybrid approach 

for enhanced performance and reduced harmonics. Delso-Vicente et al. [12] reviewed the evolution of hybrid and electric 

vehicles, emphasizing the potential of AI-based methods for sustainable transport.  
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Table 2: AI-Based EMS and Their Applications  

Study  AI Technique  Application  Key Results  

Ibrahim et al. [5]  Hybrid PWM  Power loss reduction  Increased  inverter  

efficiency  

Ramkumar et al. [11]  AI Hybrid Control  Battery & supercapacitor management  Enhanced performance  

Delso-Vicente et al. [12]  AI Review  Sustainable transport  Future AI applications  

The integration of AI in EMS not only enhances decision-making but also adapts to real-time driving conditions. However, 

challenges such as computational overhead and the need for extensive training data remain.  

  

1.4 Comparative Analysis of Energy Management Strategies  

A comparison of EMS strategies is essential for identifying the most effective approach. The following table 3 summarizes 

key characteristics:  

  

Table -3  

Strategy  Optimization Level  Real-Time Feasibility  Adaptability  

Rule-Based  Low  High  Medium  

Optimization-Based  High  Medium  High  

AI Based  High  Medium  Very High  

2. Thermal Management and Powertrain Efficiency in Hybrid and Electric Vehicles  

Thermal management systems and powertrain optimization significantly influence the efficiency of hybrid and electric 

vehicles (HEVs and EVs). Effective thermal management enhances battery life, powertrain efficiency, and overall vehicle 

performance. Several studies have explored advancements in thermal management and powertrain systems to improve 

vehicle reliability and sustainability. Effective thermal management is critical for ensuring optimal battery performance 

and preventing overheating of powertrain components. Zhang et al. [10] introduced an integrated central thermal 

management system for HEVs, optimizing energy distribution between battery, motor, and power electronics. Lin et al. 

[1] developed a particle swarm optimization-based approach to regulate thermal conditions in hybrid energy systems, 

demonstrating significant improvements in energy efficiency.  

  

Table 4 : Studies on Thermal Management Strategies  

Study  Focus Area  Key Findings  Methodology  

[10] Zhang et al.  Central thermal management  Optimized energy distribution  Integrated system analysis  

[1] Lin et al.  Particle swarm optimization  Improved energy efficiency  Algorithm-based control  

[4] Sayah et al.  Road gradient-based cooling  Enhanced temperature control  Road inclination impact study  

  

Sayah et al. [4] proposed an advanced energy management system that considers road gradient variations, leading to more 

efficient cooling strategies. These thermal management strategies reduce energy losses and enhance overall performance, 

particularly for high-power applications. Optimizing powertrain systems is essential for improving the energy efficiency 

of HEVs and EVs. Machacek et al. [3] analyzed hydrogen hybrid vehicle powertrains, showing potential efficiency gains 

with alternative energy sources. Ibrahim et al. [5] introduced a variable switching frequency hybrid PWM method to 

minimize inverter power losses, contributing to improved efficiency in electric drivetrains.  

  

Table 5: Studies on Powertrain Optimization  

Study  Focus Area  Key Findings  Methodology  

[3] Machacek et al.  Hydrogen hybrid powertrain  Potential for higher efficiency  Hydrogen fuel cell modelling  

[5] Ibrahim et al.  Variable frequency PWM  Reduced inverter power losses  Power electronics optimization  

[11] Ramkumar et 

al.  

Battery & supercapacitor 

hybrid  

andImproved performance

reduced harmonics  

Hybrid energy storage analysis  

  

Ramkumar et al. [11] explored hybrid battery-supercapacitor systems, demonstrating that integrating supercapacitors 

improves charge-discharge efficiency and extends battery lifespan. Energy management plays a crucial role in optimizing 

both thermal and powertrain systems. Nayak and Satpathy [9] developed an adaptive energy management strategy that 

optimizes battery discharge levels based on real-time speed profiles, leading to improved overall efficiency. Bhattacharjee 

et al. [8] introduced a meta-model-based approach for energy optimization in second-hand PHEVs, addressing efficiency 

concerns related to aging vehicles.  

  

Table 6: Energy Management Strategies  

Study  Focus Area  Key Findings  Methodology  

[9] Nayak & Satpathy  Adaptive battery discharge  Optimized real-time energy use  Speed-based energy allocation  
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[8] Bhattacharjee et al.  Meta-model optimization  Enhanced second-hand vehicle efficiency  Computational modeling  

[6] Pavlovic et al.  Vehicle and battery aging  Impact on emissions and sustainability  Long-term  performance  
assessment  

Pavlovic et al. [6] analyzed how battery aging influences emissions and energy efficiency, highlighting the need for 

advanced energy management solutions to sustain long-term performance.  

  

3. Adoption, Sustainability, and Market Trends of Hybrid and Electric Vehicles  

The adoption of Hybrid Electric Vehicles (HEVs) and Electric Vehicles (EVs) has witnessed a significant increase in 

recent years due to technological advancements, government policies, and increasing consumer awareness of 

sustainability [1]. The key factors influencing adoption include environmental concerns, fuel efficiency, infrastructure 

development, and cost [2]. Several studies highlight that policies such as subsidies, tax incentives, and the development 

of charging infrastructure play a crucial role in encouraging consumers to switch from Internal Combustion Engine (ICE) 

vehicles to electric alternatives [3].  

One of the primary challenges for EV adoption is range anxiety and charging infrastructure. Governments worldwide are 

investing heavily in expanding charging networks and improving battery technology to alleviate these concerns [4]. 

Moreover, Plug-in Hybrid Electric Vehicles (PHEVs) serve as a transitional solution by combining an internal combustion 

engine with an electric drivetrain, reducing reliance on fossil fuels while maintaining extended driving range capabilities 

[5].  

  

Table 7: Key Factors Influencing EV Adoption  

Factor  Impact Description  References  

Government Incentives  Subsidies, tax benefits, and regulatory support  [2], [3]  

Charging Infrastructure  Availability and accessibility of charging stations  [4]  

Battery Technology  Efficiency, energy density, and cost of batteries  [5]  

Consumer Awareness  Knowledge about benefits and long-term cost savings  [1], [2]  

Range Anxiety  Concerns about limited range and charging options  [4]  

The sustainability of HEVs and EVs revolves around their environmental impact, energy consumption, and lifecycle 

emissions. Unlike conventional gasoline-powered vehicles, EVs have zero tailpipe emissions, significantly reducing 

greenhouse gas (GHG) emissions [6]. However, the sustainability of EVs depends largely on the source of electricity used 

for charging. Countries relying on coal-based power generation experience a smaller reduction in emissions compared to 

those with renewable energy sources [7]. Battery production is another critical sustainability factor. Lithium-ion batteries, 

commonly used in EVs, require raw materials such as lithium, cobalt, and nickel, which pose environmental and ethical 

challenges related to mining practices [8]. Recycling and second-life applications for batteries are emerging solutions to 

mitigate environmental concerns associated with battery disposal [9].  

  

Table 8: Environmental Impact of HEVs and EVs  

Aspect  HEVs Impact  EVs Impact  References  

Tailpipe Emissions  Reduced compared to ICE  Zero emissions  [6]  

Energy Source Dependency  Fossil fuels & regenerative  Renewable & grid-dependent  [7]  

Battery Lifecycle  Smaller battery, lower impact  Higher impact, but recyclable  [8], [9]  

Resource Consumption  Limited reliance on lithium  High demand for critical minerals  [8]  

  

Sustainability also extends to vehicle end-of-life management. Second-life applications for EV batteries in energy storage 

systems are gaining traction, enhancing their overall environmental benefits [10]. Circular economy approaches, including 

efficient recycling methods, are being developed to recover valuable materials from used batteries, reducing dependency 

on virgin materials [11].The global market for HEVs and EVs has experienced exponential growth in the past decade. 

Advances in battery technology, decreasing production costs, and stringent emissions regulations have fueled the market 

expansion [12]. China, the United States, and Europe are the leading markets, with China holding the largest share due to 

aggressive government policies and incentives [13].  

  

Table 9: Global Market Share of HEVs and EVs (2023 Estimates)  

Region  Market Share (%)  Key Drivers  References  

China  50%  Strong government policies, domestic production  [13]  

Europe  25%  Stringent CO2 regulations, incentives  [12]  

USA  15%  EV tax credits, infrastructure investment  [13]  

Others  10%  Emerging markets catching up  [12]  
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The shift towards EVs has also influenced traditional automotive manufacturers. Companies like Tesla, BYD, and 

Volkswagen are leading the EV revolution, while traditional automakers like Ford, Toyota, and GM are rapidly expanding 

their EV and hybrid vehicle lineups [14].  

One of the major trends shaping the market is the development of solid-state batteries, which promise higher energy 

density, faster charging times, and improved safety compared to conventional lithium-ion batteries [15]. Additionally, the 

rise of vehicle-to-grid (V2G) technology allows EVs to contribute back to the energy grid, enhancing grid stability and 

promoting renewable energy integration [16].  

Table 10: Emerging Trends in HEV and EV Market  

Trend  Description  References  

Solid-State Batteries  Higher energy density and safety improvements  [15]  

Vehicle-to-Grid (V2G)  Bi-directional energy transfer with the grid  [16]  

Autonomous EVs  Self-driving technology integration  [14]  

Battery Swapping  Quick battery replacement for uninterrupted use  [13]  

EV Subscription Models  Flexible ownership alternatives  [12]  

  

The increasing demand for EVs has also triggered innovations in charging technology. Fast -charging networks, wireless 

charging, and ultra-fast chargers capable of delivering 80% charge in under 20 minutes are being deployed globally [17]. 

Companies such as Tesla, Ionity, and Charge Point are leading investments in expanding the fast -charging infrastructure 

[18]. Moreover, emerging business models such as battery leasing and subscription-based EV ownership are reshaping 

how consumers access electric mobility. These models aim to reduce the upfront cost of EVs, making them more 

affordable to a broader audience [19].  

  

Conclusion  

Hybrid and electric vehicles (HEVs and EVs) are revolutionizing the transportation sector, driven by advancements in 

energy management, thermal efficiency, and market adoption strategies. These developments are collectively shaping the 

future of sustainable mobility by improving efficiency, reducing emissions, and enhancing overall vehicle performance.  

Energy management and optimization techniques play a pivotal role in maximizing vehicle efficiency and extending 

battery life. Advanced strategies such as intelligent power distribution, real-time optimization, and predictive control have 

led to significant improvements in fuel economy and reduced energy wastage. Additionally, the integration of renewable 

energy-based charging infrastructure is strengthening the sustainability of plug-in hybrid electric vehicles (PHEVs), 

reducing reliance on conventional energy sources and contributing to a lower carbon footprint. Thermal management and 

powertrain efficiency are equally important in ensuring the reliability and performance of HEVs and EVs. Innovations in 

battery cooling systems, hybrid powertrain configurations, and waste heat recovery technologies are helping to minimize 

energy losses and enhance overall vehicle efficiency. The adoption of AI-driven thermal management and adaptive cooling 

strategies has proven effective in maintaining optimal operating conditions while reducing power losses in electric 

drivetrains. Market trends and sustainability considerations are key factors influencing the widespread adopti on of HEVs 

and EVs. Consumer demand, government policies, and advancements in charging infrastructure are driving the transition 

towards greener mobility solutions. However, challenges such as vehicle aging, battery degradation, and supply chain 

constraints remain barriers to large-scale adoption. Addressing these issues through innovative solutions and policy 

support is crucial for ensuring a seamless transition to sustainable transportation.  

In conclusion, the integration of efficient energy management, advanced thermal optimization, and strategic market 

adoption is essential for the future of hybrid and electric vehicles. As research continues to advance in smart energy 

systems, AI-driven thermal regulation, and sustainable market policies, the global transportation sector will move closer 

to achieving a fully electrified and environmentally friendly future. Continued investment, innovation, and regulatory 

support will be necessary to overcome existing challenges and accelerate the adoption of clean and efficient mobility 

solutions.  
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