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Abstract. As concerns about environmental sustainability and energy security grow, electric vehicles
emerge as a key solution. However, the widespread adoption of electric vehicles is not without
challenges. The economic feasibility of integrating battery technology, charging infrastructure, and
electric vehicles requires significant policy support, advanced technological development, and
market mechanisms. This article examines current progress in electric vehicle technology and
infrastructure, identifies existing barriers, and offers practical recommendations for overcoming
these challenges. By exploring innovative pathways for integrating electric vehicles into the power
system, this paper provides valuable insights into the future of low-carbon transportation. It
contributes to the global transition to a green economy and a sustainable energy future.
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1. Introduction

With the transformation of the global energy structure and the increasing demand for
environmental protection, electric vehicles have become the key to promoting sustainable
development as a new type of clean energy transportation. As ecological issues grow more severe,
the pollution and energy consumption caused by traditional fuel-powered vehicles no longer meet the
requirements of sustainable development. In contrast, electric cars demonstrate significant potential
in reducing greenhouse gas emissions, improving air quality, and enhancing energy efficiency.
Adopting electric vehicles could play a key role in addressing the global environmental challenges,
reducing carbon footprints, and promoting a cleaner, greener future.

However, the widespread adoption of electric vehicles and ensuring their positive environmental
impact depend not solely on technological advancements. They also require strong policy support,
well-developed market mechanisms, and adequate infrastructure. These elements are critical in
creating a supportive electric vehicle market ecosystem, accelerating expansion, and ensuring
sustainable development. Despite the progress, significant barriers remain to the full-scale integration
of electric vehicles, such as concerns over battery technology, charging infrastructure, and the overall
economic feasibility of electric vehicle adoption.

This review explores the innovative pathways electric vehicles can take in advancing sustainable
development, analyzing the current progress in electric vehicle technologies and the potential for
future developments. It will also investigate the existing limitations and challenges in the electrical
landscape, offering insight into how these barriers can be addressed. By providing theoretical support
and practical direction for the transition to low-carbon transportation, this review will promote a
sustainable electric vehicle market and provide valuable reference for optimizing future energy
systems and transitioning to a green economy.

2. Electric Vehicle Integration and Power Systems

2.1 Charging Infrastructure Challenges

Electric vehicles are increasingly considered critical technology for addressing environmental
concerns and energy security. Integrating electric vehicles into existing power systems has become a
significant topic of research and development. One of the challenges of this integration is the
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infrastructure needed to support the charging of these vehicles, particularly the need for fast charging
stations. Home chargers, while essential, can strain the grid considerably, causing disruptions in
power quality. Therefore, fast charging stations are needed to increase charging speeds and relieve
this strain. According to Ghasemi-Marzbali, developing an efficient charging infrastructure,
including charging and discharging management strategies, is a top priority [1]. Research focuses on
energy management technologies, infrastructure improvements, and integrating renewable energy
sources (RES) into the charging process. This is critical to ensuring that electric vehicles can be
charged sustainably using clean energy such as wind and solar power, which also helps reduce the
grid’s reliance on fossil fuels.

2.2 Integration of Renewable Energy Sources

On the other hand, integrating renewable energy sources (RES) into the power system is a key
consideration for the sustainable adoption of electric vehicles. Renewable energy sources, such as
solar and wind, offer a green alternative to traditional fossil fuel energy sources and can significantly
reduce the carbon footprint associated with electric vehicles. However, integrating renewable energy
sources into the grid poses power management and stability challenges, especially as the demand for
electric vehicles increases. Since renewable energy generation is often intermittent, it is necessary to
adopt advanced energy storage systems (ESS) to store excess energy for use when it is low. This
makes the power supply more stable and reliable, especially during peak hours when electric vehicles
may be charged.

2.3 Advanced Control and Management Systems

In addition, managing the energy flow between electric vehicles, charging stations, and the grid is
critical to preventing system overload. For example, Manousakis’ research focuses on developing
algorithms and models to optimize the integration of renewable energy and electric vehicles into
power systems[2]. The research explored mathematical and heuristic algorithms, such as mixed
integer linear programming and particle swarm optimization, to improve the efficiency of charging
stations, manage energy distribution, and minimize environmental impact. The results of these studies
provide valuable insights into how electric vehicles and renewable energy vehicles can be effectively
integrated to promote a greener and more sustainable energy future.

Charging infrastructure, integration of renewable energy sources, and advanced control and
management systems are key factors in electric vehicle integration and power systems. Firstly, the
construction of charging infrastructure, especially the promotion of fast charging stations, directly
affects electric vehicles' charging speed and grid load. Although household chargers play an essential
role in popularization, their slow charging speed may put significant pressure on the power grid.
Therefore, constructing fast charging stations has become a meaningful way to alleviate this pressure.
Secondly, the integration of renewable energy provides green energy for sustainable charging of
electric vehicles, but its intermittency and volatility pose challenges to the stability of the power grid.
To ensure efficient charging of electric cars, it is necessary to rely on advanced energy storage
systems (ESS) to balance these fluctuations and provide a stable power supply to the grid during peak
demand periods for electric vehicles. Finally, advanced control and management systems are essential
for efficiently regulating the flow of electricity, preventing system overload, and driving the future
development of green energy. By optimizing energy management algorithms, the efficiency of
charging stations can be effectively improved, energy can be allocated reasonably, and environmental
impact can be reduced. Therefore, the synergistic effect of these three factors can improve electric
vehicles' charging efficiency and promote the power system's development towards a more
sustainable and green direction.
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3. Electric Vehicle Infrastructure and Technologies

The rapid growth of the electric vehicle market is closely tied to the growing demand for more
efficient, reliable, and convenient methods of charging electric vehicle batteries. As electric vehicles
become more mainstream, developing a robust charging infrastructure is critical to supporting
widespread adoption. This includes traditional and emerging technologies for charging stations, as
well as innovative solutions such as wireless power transfer (WPT) and integration with renewable
energy sources.

3.1 Advancements in Charging Technology: Wireless Power Transfer

One of the most promising advancements in charging technology is Wireless Power Transfer
(WPT). Traditional conductive charging systems require direct physical interaction between the
vehicle and the charging device, which can lead to various limitations, such as wear and tear on the
connector and the risk of electric shock. WPT solves these problems by eliminating the physical
connection between the electric vehicle and the charging station and wirelessly transmitting power
using electromagnetic fields. This approach improves user convenience and safety by removing the
risk of electric shock associated with traditional charging systems. WPT technology has evolved
significantly, with many strategies to improve efficiency and reliability. These include various
coupling methods, such as magnetic couplers, and techniques to minimize misalignment, which can
reduce power transfer efficiency. In addition, advances in shielding and compensation methods have
been introduced to improve energy transfer, especially when the vehicle position may not be perfectly
aligned with the charging station. WPT systems will play a vital role in the future of electric vehicle
charging, providing a safer, more efficient, and more user-friendly alternative to traditional
conductive charging systems.[3]

3.2 Charging Station Location for Distributed Energy Integration

Another key factor influencing the widespread adoption of electric vehicles is the location and
accessibility of charging stations. The layout of electric vehicle charging stations (EVCS) is a
significant challenge, limiting the convenience for electric vehicle owners, especially in urban areas
with limited space. Li, C., Zhang proposed a robust optimization model for the location of EVCS for
distributed energy integration [4]. The model considers the uncertainties associated with electric
vehicle charging demand and variable renewable energy output. By analyzing factors such as load
fluctuation rate, the model ensures that electric vehicle charging stations are optimally located to meet
demand while balancing the intermittent nature of renewable energy production. Including an energy
storage system (ESS) further improves the model's efficiency, enabling energy to be stored during
low-demand periods and used during high-demand periods. The robust optimization model
demonstrated economic and operational advantages in simulations involving an IEEE 33-node
distribution network and a 25-node transportation system. It effectively balanced the load between
renewable energy generation and electric vehicle charging demand while stabilizing the grid and
improving the overall reliability of the charging infrastructure. This innovative approach reduces
dependence on the traditional grid and ensures that EVCS are deployed in a way that supports
sustainable energy use and grid stability.

Moreover, the cost of implementing renewable energy sources at charging stations remains a
critical challenge. Integrating solar and wind power can significantly enhance the sustainability of
EVCS, but it requires a considerable upfront investment. Despite these costs, the declining price of
photovoltaic (PV) panels makes renewable energy integration more feasible. Over the past decade,
the purchase price of PV panels has steadily decreased, and projections suggest that by 2030, there
could be a reduction of up to 60% in PV energy costs due to improvements in panel efficiency [5].
While the financial viability of renewable energy-powered EVCS still needs careful evaluation, the
potential for cost reductions makes it a more attractive option shortly.
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3.3 Challenges and Opportunities

Currently, there are still some challenges in electric vehicle charging technology. The
infrastructure for wireless charging and the integration of renewable energy with EVCSs are still in
the early stages of development, and further research is needed to address the technical and economic
challenges brought about by these innovations. Key issues include the cost of large-scale
implementation of WPT systems and the need to standardize charging technologies and protocols to
ensure interoperability between electric vehicle models and charging stations. In addition, the
widespread adoption of electric vehicles requires significant investment in charging infrastructure.
The government and the private sector must work together to accelerate the development of charging
networks, especially in underserved areas. Combining efficient charging technologies, the strategic
layout of charging stations, and the integration with renewable energy are essential to creating a
sustainable and convenient electric vehicle charging ecosystem.

Combining efficient charging technologies, the strategic layout of charging stations, and the
integration with renewable energy are essential to creating a sustainable and convenient electric
vehicle charging ecosystem. However, challenges such as high upfront costs, slow adoption of
standardized charging protocols, and the need for continued technological advancements in wireless
power transfer and energy storage systems present significant barriers to widespread deployment of
these solutions. Despite these obstacles, ongoing research and innovation in charging infrastructure
and energy integration provide new opportunities to transform the electric vehicle charging landscape.

4. FElectric Vehicle Market

In recent years, the electric vehicle market has shown a growth trend driven by technological
progress and policy support. Governments worldwide have introduced a series of policies to promote
the popularization of electric vehicles. Many countries have provided strong support in vehicle
purchase subsidies, tax incentives, and local incentives, enabling the rapid development of the electric
vehicle industry. For example, the "New Energy Vehicle Industry Development Plan (2021-2035)"[6]
released by China in 2020 clearly stated that by 2025, the sales of new energy vehicles are expected
to account for more than 20%, which has provided an enormous impetus for the growth of the electric
vehicle market. In 2025, the UK saw a notable surge in energy vehicle sales, with the first half of the
year witnessing a 34.6% year-on-year increase, reaching 224,838 units. This growth was primarily
attributed to the launch of Tesla's updated Model Y, which continues to be the best-selling EV in the
UK. Meanwhile, the demand for electric vehicles also increased sharply, with a 50% rise in sales
during the first half of 2025. [7]

From a battery perspective, with the continuous optimization of battery technology, electric
vehicles' driving range and charging efficiency have been significantly improved, further driving
consumer car purchasing demand and market growth. Besides, with smart charging and V2G
technology development, electric vehicles' charging requirements and interaction modes have
become more complex. Specifically, sensor networks are increasingly integrated into electric vehicles
to support multi-mode interaction. These sensors can help the vehicle correctly interpret the user's
communication signals and dynamically adjust the interaction mode according to the user's cognitive
state and driving conditions [8].

From the perspective of the power grid, the widespread integration of electric vehicles provides
new opportunities for flexibility services in the distribution network. Through smart charging and
V2G technology, electric vehicles can act as distributed energy resources to provide demand response
services, mitigate grid load fluctuations, and enhance grid stability and flexibility. This potential has
been demonstrated in multiple demonstration projects, although the technologies required to achieve
this goal (such as bidirectional chargers and communication protocols) are not yet popular [9]. At the
same time, integrating electric vehicles also faces some challenges, especially at the economic and
institutional levels. The lack of an appropriate regulatory framework has led to uncertainty in the
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value assessment of flexibility services at the distribution level, affecting the market application of
these services.

From a consumer's perspective, purchasing decisions often hinge on government incentives and
the expected economic benefits of owning an electric vehicle. Subsidies and tax breaks are essential
in lowering initial cost barriers, but long-term factors such as operating costs, maintenance, and resale
value are also crucial. On the other hand, in regions where the charging infrastructure is still
developing, consumers may be hesitant to adopt electric vehicles due to concerns about charging
accessibility and range. Consumers in areas with robust charging infrastructure are more likely to
choose electric vehicles. Chile has 3,700 charging stations, 80% of which are fast-charging stations.
As of March 2025, there is an average of one charging station for every 3.3 electric vehicles.
According to a report by Chile's Credit and Investment Bank (BCI), electric vehicle sales in Chile
reached 8,969 units from January to April 2025, a year-on-year increase of 126%, setting a new record
[10]. Government incentives and the construction of charging infrastructure will play a key role in
boosting consumer confidence in electric vehicles and driving market growth.

Therefore, fully tapping the potential of electric vehicles in the power system through a reasonable
regulatory framework and market mechanism will help promote the deep integration of smart grids
and green transportation systems. This will be the key to future power market reforms, and can also
promote green and low-carbon energy transformation, help optimize the global energy structure, and
ultimately achieve multiple benefits for the environment, economy, and society.

5. Development and Future Prospects

The development prospects of electric vehicles are extensive. Due to the growing concern about
environmental pollution and dependence on fossil fuels, electric alternatives tend to replace
traditional internal combustion engine vehicles, aiming to reduce carbon emissions and improve
energy security. This shift is consistent with the urgent need to address climate change and promote
sustainable transportation solutions. At the same time, governments and industry regulators need to
formulate clear policies to clarify the value of electric vehicles in providing services such as demand
response and frequency regulation, and encourage private sector investment and technological
innovation. For instance, the Norwegian government plans to provide vehicle purchase subsidies for
various heavy-duty electric trucks with a total weight of 4.25 tons or more through the Norwegian
Business Development Agency (Enova) starting in 2024. The total amount of the first round of
subsidies is 137 million Norwegian kroner (about 13.65 million US dollars), and the maximum
subsidy rate is 60% of that of similar diesel vehicles [11]. These measures will help ensure the
reasonable positioning of electric vehicles in the power system and promote their widespread
application through market-based mechanisms.

To support the popularization of electric vehicles, it is essential to establish an adequate charging
infrastructure. Although home charging systems are convenient for individual users, the construction
of fast charging stations has become more urgent as user demand increases. These charging stations
can reduce the time required to charge a vehicle and the energy costs that car owners bear that car
owners bear. In addition, fast charging stations not only improve the user experience but also reduce
the potential interference caused by home chargers on the power quality of the power grid, thereby
improving the stability and efficiency of the power grid.

In the future, the role of electric vehicles will go beyond simple transportation and is expected to
become an essential component of the energy ecosystem, primarily through vehicle-grid integration
(VGI). This concept envisions electric vehicles as mobile energy storage units that supply power to
the grid during peak demand periods, effectively turning electric vehicles into virtual power plants
(VPPs).[12] The integration of VGI systems enables more sustainable energy management by
utilizing the energy stored in electric vehicles and feeding it into the grid when needed, thereby
supporting the overall stability of the energy sector.
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Electric vehicles' potential is vast, and significant developments are expected in vehicle technology
and charging infrastructure. The integration of renewable energy, the expansion of fast charging
stations, and the innovative use of VGI systems will drive continued growth in electric vehicle
adoption. As the world moves towards a more sustainable and energy-efficient future, electric
vehicles will play an increasingly critical role in transforming the transportation sector and improving
energy sustainability.

6. Conclusion

In summary, this review has comprehensively examined the role of electric vehicles in advancing
sustainable development, highlighting the potential and enhancing energy efficiency. A key focus has
been on integrating electric vehicles into power systems, where challenges such as charging
infrastructure, renewable energy incorporation, and advanced control systems must be addressed. The
development of fast-charging stations, wireless power transfer, and energy storage systems is
essential to ensure the reliability and sustainability of electric vehicle adoption. Furthermore, strategic
placement of charging stations and integration with renewable sources can significantly improve grid
stability and energy utilization. The electric vehicle market continues to grow, supported by
government policies, technological advancements in batteries, and innovations such as V2G and
smart charging. However, economic, regulatory, and infrastructure barriers still hinder large-scale
deployment. In conclusion, promoting electric vehicles through coordinated technological, policy,
and infrastructure efforts can accelerate the transition toward a low-carbon economy, optimize energy
systems, and drive global sustainability goals. Future development should foster stakeholder
collaboration to address current limitations and fully realize electric vehicles' environmental and
economic benefits.
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