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Abstract 

Electric vehicles (EVs) have gained significant interest in recent years as a sustainable transportation 

method to reduce greenhouse gas emissions. However, the adoption of EVs faces several technological 

and economic challenges that need to be addressed. This review provides a comprehensive overview of 

the current state of the art in EV technologies including batteries, power electronics, motors, and 

charging systems. The key challenges inhibiting widespread EV adoption are discussed including 

driving range, battery cost, charging infrastructure, and safety issues. The latest research aimed at 

overcoming these barriers is highlighted. Battery technologies like lithium-ion, lithium sulfur, and 

solid-state batteries are compared in terms of cost, safety, energy density, and charging rates. The role 

of smart grids and vehicle-to-grid integration for EVs is explored. Government policies and regulatory 

mechanisms required to facilitate the transition to EVs are also examined. This review concludes by 

synthesizing promising directions for future work to enable EVs to effectively serve as an eco-friendly 

transportation alternative. 
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INTRODUCTION 

Electric vehicles (EVs) have the potential to revolutionize the transportation sector by providing a 

zero-emissions alternative to traditional internal combustion engine vehicles. According to the 

International Energy Agency, the global EV stock exceeded 10 million in 2020, marking a significant 

milestone [1]. However, EVs still face multiple challenges including high costs, lack of charging 

infrastructure, and battery safety issues. For EVs to firmly establish themselves in the mainstream 

market, these challenges must be addressed through continuous technological innovation and policy 

support. This review aims to summarize the current state of EV technologies, highlight the major 

barriers to adoption, and discuss emerging solutions 

proposed in recent literature. 

 

The review is structured as follows: Section 2 

provides an overview of EV architectures, 

drivetrain designs, and key components. Section 3 

reviews various advanced battery technologies for 

EVs and compares their characteristics. Section 4 

highlights the major challenges facing EVs 

regarding driving range, charging infrastructure, 

costs, and safety. Section 5 explores solutions 

proposed in recent research to overcome these 

barriers including battery improvements, charging 

systems, vehicle-to-grid (V2G) integration, and 

policy measures. Section 6 concludes the review by 

synthesizing promising directions for future work. 
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EV TECHNOLOGIES 

Modern EVs encompass a wide range of architectures including battery electric vehicles (BEVs), 

hybrid electric vehicles (HEVs), and plug-in hybrid electric vehicles (PHEVs) [2]. The drivetrain in 

EVs also has multiple potential configurations and components as discussed below. 

 

EV Drivetrain Architectures  

BEVs like the Nissan Leaf operate solely on an electric motor powered by a battery pack. HEVs such 

as the Toyota Prius combine an internal combustion engine with an electric propulsion system. PHEVs 

have larger battery packs compared to HEVs and can drive modest distances electrically until the 

combustion engine takes over [3]. Based on their all-electric range, PHEVs may be classified into short 

range (40 miles), medium range (40–80 miles) and long range (80 miles) [4]. 
 

The drivetrain architecture depends on the vehicle design and application. Common options include 

direct drive, parallel hybrid, series hybrid, and complex hybrid systems [5]. Direct drive uses the electric 

motor to directly power the wheels without any transmission or gearing. Parallel hybrids use both an 

engine and electric motor together coupled to a transmission. Series hybrids drive the wheels solely 

with an electric motor, while the engine charges the battery. Complex hybrids have multiple modes and 

innovative power-split configurations like in the Toyota Prius [6]. 

 

EV Components 

The major components in EV drivetrains include electric motors, power electronics, batteries, and 

charging systems [7]. 

1. Electric motors: Induction motors, permanent magnet synchronous motors, and switched 

reluctance motors are commonly used in EVs [8]. Permanent magnet motors can achieve high 

efficiency and power density but use expensive magnets [9]. Induction motors are rugged and 

inexpensive but have lower efficiency compared to permanent magnet motors [10]. 

2. Power electronics: The power control unit includes a DC/DC converter to step down the high battery 

voltage as well as an inverter to convert DC to AC for the motor [11]. Advanced wide bandgap 

devices such as SiC and GaN are enabling higher efficiency and power density inverters [12]. 

3. Batteries: Lithium-ion batteries dominate current EVs due to their high energy density compared 

to other chemistries like lead-acid and nickel metal hydride [13]. However, new battery 

technologies are emerging as discussed in Section 3.  

4. Charging systems: Charging systems range from low power Level 1 (120 V AC) to high power 

DC fast charging up to 400 kW [14]. Charging infrastructure remains inadequate in most regions, 

restricting EV adoption. 
 

Overall, continued improvements in EV components are essential to improve performance and lower 

costs. The battery technology in particular requires major enhancements as discussed next.  

 

EV BATTERY TECHNOLOGIES 

The battery system strongly influences EV driving range, power capability, lifetime, safety, and cost. 

Lithium-ion batteries have been the enabling technology for EVs thus far, but face limitations going 

forward [15]. Intense research is underway to develop advanced lithium-ion chemistries as well as 

innovative beyond lithium-ion batteries. This section provides a comparative review of promising EV 

battery technologies. 
 

Lithium-Ion Batteries 

Lithium-ion (Li-ion) batteries have high gravimetric (Wh/kg) and volumetric (Wh/L) energy 

densities among rechargeable batteries, giving EVs adequate range. However, issues with cost, safety, 

charging rates, and cycle life need to be addressed [16]. Li-ion batteries use an intercalated lithium 

compound as the cathode and graphite as the anode. Common cathode chemistries are lithium nickel 

manganese cobalt oxide (NMC), lithium iron phosphate (LFP), lithium nickel cobalt aluminum oxide 

(NCA), and lithium manganese oxide (LMO) [17]. 
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Research on Li-ion batteries for EVs is focused on increasing energy density, improving cycle life, 

enhancing safety, and reducing costs. Silicon and lithium metal have been investigated as high capacity 

anode materials. Cobalt-free cathodes like lithium iron nickel oxide (LNO) are also being developed to 

reduce raw material costs. Solid polymer and inorganic solid electrolytes can improve safety compared 

to standard liquid electrolytes. However, significant work remains to implement these advances 

commercially while meeting EV cost targets. 

 

Lithium-Sulfur Batteries  

Lithium-sulfur (Li-S) batteries offer higher theoretical energy density and lower cost than Li-ion 

batteries. The cathode uses elemental sulfur while the anode uses lithium metal. However, issues with 

low sulphur utilization, poor cycle life, and fast self-discharge need resolution. Additives like graphene 

oxide and carbon nanotubes can improve conductivity and thereby sulphur utilization. Lithium nitrate 

additives help control the polysulfide shuttle effect to enhance cycle life. Although promising for EVs, 

Li-S batteries require further materials innovation and system engineering before commercial viability.  

 

Solid-State Batteries 

Replacing the liquid electrolyte in Li-ion batteries with a solid electrolyte enhances safety and opens 

up new high capacity anode materials like lithium metal. Solid electrolytes such as ceramics and 

polymers allow the use of lithium metal anodes without dendrite issues plaguing liquid electrolytes. 

However, interfacial resistance between solid electrolytes and electrodes causes low power capability. 

Multilayer electrolytes with both solid and gel components are being investigated to improve interface 

contact. Solid-state batteries have the potential to significantly increase EV range and safety, but scaling 

up fabrication while lowering costs remains challenging. 

 

COMPARISON 

Table 1 compares the key characteristics and technology readiness levels (TRL) of the battery 

technologies discussed. Li-ion batteries have the highest maturity for near-term EVs, but modest energy 

density and cycle life. Li-S batteries can potentially double energy density versus Li-ion at lower costs 

but have much lower TRL. Solid-state batteries also have high energy density with better safety but 

face manufacturing scale-up difficulties. Hence, Li-ion batteries are likely to remain dominant in the 

next 5-10 years, while beyond Li-ion chemistries become more viable in the long term. 

 

CHALLENGES FOR EV ADOPTION  

While EV technologies have improved substantially, significant barriers need to be overcome to 

enable widespread EV adoption. The major challenges are summarized below along with examples 

from literature highlighting these issues. 

 

Driving Range 

EV driving range is fundamentally constrained by battery energy density. Current ranges of 100-350 

miles generally cause range anxiety compared to gasoline vehicles. Long trips require frequent charging 

stops, making EV travel less convenient. Meanwhile, enhancing energy density contributes to higher 

battery costs. Breakthroughs in advanced battery chemistries can potentially raise range beyond 500 

miles but are still years away. 
 

Charging Infrastructure 

The lack of adequate public charging stations is a major impediment to EV sales, especially for urban 

consumers without home charging. As of 2020, the USA had only 100,000 public charging outlets 
 

Table 1. Comparison of EV battery technologies. 
Battery type Energy density Cycle life Safety Cost TRL 

Lithium-Ion 250–350 Wh/kg 1000 cycles Thermal runaway issues Moderate 9 

Lithium-Sulfur 350–500 Wh/kg 200–500 cycles Reduced flammability Potentially lowest 4–5 

Solid-State 400–500 Wh/kg 1000+ cycles Non-flammable electrolyte Potentially low 4–5 
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versus 150,000 gas stations. Fast charging infrastructure is even more sparse. Range anxiety persists 

due to the fear of being stranded without access to charging. Government and commercial investments 

are needed to expand charging networks for improved consumer confidence. 

 

Costs 

EVs have higher upfront costs than internal combustion engine vehicles due to battery prices. Lower 

operating costs from reduced fuel expenses only partially offset the higher initial investment. Large-

scale battery manufacturing can drive down costs, but likely not enough to achieve parity with gas 

vehicles. Strong public incentives and tax credits are still required to motivate consumers to adopt EVs 

despite higher purchase prices. 

 

Battery Safety 

The flammable organic liquid electrolytes used in Li-ion batteries raise serious safety issues as 

highlighted by battery fires in EVs and consumer electronics. Thermal runaway causing uncontrolled 

heating can lead to explosions and fires. Improved cell designs, advanced electrolytes, and better 

thermal management are critical to enhance safety. Further research is vital to eliminate safety concerns 

surrounding Li-ion batteries. 

 

STRATEGIES TO OVERCOME ADOPTION CHALLENGES 

The preceding section outlined the major hurdles hindering EV adoption. Researchers have proposed 

various solutions to address these challenges as summarized below. 

 

Battery Improvements 

Incremental advancements in Li-ion batteries will not suffice to overcome range and cost barriers. 

Step changes through technologies like Li-S and solid-state batteries with 2-3X higher energy density 

are required. Silicon composite anodes, Ni-rich cathodes, and solid electrolytes can enhance energy 

density and fast charging capability. Optimized packaging and modular designs also help raise 

volumetric density.  

 

Charging Systems 

Innovations in charging infrastructure and systems will play a key role in expanding EV markets. 

Inductive charging allows convenient, cable-free power transfer to EVs. Charging speeds can 

potentially be enhanced using technologies like gallium nitride power electronics. Smart charging 

networks that allow route planning based on charger locations can help mitigate range anxiety. 

 

Vehicle-to-Grid Integration 

Bidirectional power flow enabled by V2G systems allows EVs to discharge back to the grid, serving 

as distributed storage assets. EVs can help balance renewables like solar and wind, while owners earn 

revenue by providing services like frequency regulation. Unidirectional smart charging allows 

controlled timing of EV charging to support the grid. Large scale V2G integration requires 

interoperability standards and supportive policies. 

 

Policy and Regulations 

Government regulations and incentives will be critical to spur EV adoption. Stricter emissions 

regulations incentivize automakers to produce EVs. Carbon trading mechanisms monetize the emission 

savings from electrification. Purchase incentives and EV tax credits motivate consumer adoption until 

cost parity is reached. Investments in R&D and manufacturing scale-up can accelerate progress. Policies 

and standards supporting charging infrastructure expansion are also essential. 

 

CONCLUSIONS 

This review has provided a holistic examination of the current EV landscape covering technologies, 

challenges, and potential solutions. Key conclusions are as follows: 
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• EVs represent a promising pathway to sustainable transportation but confront barriers like range, 

charging, costs, and safety. 

• Li-ion batteries are reaching their limits and next-gen chemistries like Li-S and solid-state are 

needed. 

• Charging infrastructure expansion and innovations in V2G integration will be pivotal to adoption.  

• Government regulations and purchase incentives remain critical to spur consumer demand. 

• Further interdisciplinary research on batteries, charging systems, mobility services, and policies 

is the key to unlocking the potential of EVs. 

 

With concerted efforts to improve technologies and implement supportive policies, EVs can displace 

gasoline vehicles within the next two decades in many countries, providing major energy and 

environmental benefits. 
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