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Abstract: With the rapid growth in the number of EVs, a huge number of EVs are connected to the
power grid for charging, which places a great amount of pressure on the stable operation of the power
grid. This paper focuses on the development of V2G applications, based on the current research status
of V2G technology. Firstly, the standards on V2G applications and some pilot projects involving more
representative V2G systems are introduced. Comparing V2G applications with ordered charging and
unordered charging, the social and economic benefits of V2G applications are highlighted. Analysis of
the social benefits of V2G applications concerns three points: the grid demand response, personalized
charging, and the coordination of renewable energy sources. And analysis of the economic benefits
of V2G applications is divided into three parties: the grid, the aggregator, and individuals. From
the perspective of innovative EVs expanding the application scenarios through V2G technology,
V2G applications for commercial EVs, emergency power applications, and vehicle-to-vehicle energy
trading are introduced. The current challenges related to V2G applications are presented: users’
willingness to participate in V2G applications, battery loss, charging and discharging tariffs, privacy
and security, and power loss. Finally, some research recommendations for the development of
V2G applications are given and the current state of research in regard to those recommendations
is presented.

Keywords: electric vehicles (EVs); V2G; control strategy

1. Introduction

According to a statistical report released by the International Energy Agency, the
global ownership of EVs will exceed 26 million in 2022, which will be more than five times
the number of EVs in 2018. Figure 1 demonstrates the global EV ownership numbers from
2010 to 2022 [1]. The number of EVs on the road globally is projected to reach 245 million by
2030. Figure 2 shows the predicted growth in the number of EVs on the market by 2030 [2].
According to the latest statistics, by the end of 2023, the number of new energy vehicles in
the world had reached 20.41 million, accounting for 6.07% of the total number of vehicles.
The number of pure electric vehicles was 15.52 million in 2023, accounting for 76.04% of
the total number of new energy vehicles, and the number of newly registered new energy
vehicles was due to reach 7.43 million in 2023, accounting for 30.25% of the total number
of newly registered vehicles, which is an increase of 2.07 million compared with that in
2022, with a growth rate as high as 38.76%, from 1.2 million vehicles in 2019 to 7.43 million
vehicles in 2023. The number of EVs is growing at a high rate [3]. With respect to the global
new energy vehicle market, China has more than 60% of the world’s new energy vehicle
market share [4].

The charging of EVs is very intermittent and random, and the large-scale charging of
EVs via the power grid has brought unprecedented challenges to the stable operation of
the power grid. Khalid et al. proposed that a large number of EVs connected to the grid not
only causes many power quality problems, but also seriously affects the load performance
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on the user’s side [5]. Yu Yinghan et al. reported that a large number of EVs connected
to a distribution network will be superimposed on the basic power consumption of the
network, resulting in an increase in peak power consumption, which further increases
the pressure on grid operation and is not conducive to the stable operation of the grid [6].
Wang Junliang et al. proposed that large-scale access to the grid by EVs will not only affect
the degree of grid load imbalance, but will also increase the EV access point voltage, the
short-circuit current and system fault current, and the EV charging process will produce
serious harmonic pollution [7]. Song Hui et al. analyzed the problems concerning grid
voltage quality caused by scaled EV access to the grid, including harmonic pollution,
voltage drops, and three-phase voltage imbalances [8].
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After years of research and development, vehicle-to-grid (V2G) energy management
technology has become an important tool for countries and regions to address critical
issues in the energy field. V2G technology enables bidirectional communication and energy
exchange between EVs and the grid. By using the electricity stored in the batteries of
EVs, V2G technology can help the grid to balance the loads, reduce the peak demand,
and integrate renewable energy sources. The widespread use of this technology is driving
the energy industry to become more intelligent, more efficient, and more eco-friendly.
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In recent years, V2G technology has gradually become a research hotspot in the field of
electric vehicles and smart grids, involving practical explorations by many researchers
worldwide. Yang Ji et al. aimed to minimize the peak-to-valley difference in the grid load,
the mean square deviation of the load fluctuation, and the charging costs for users, and
formulated an adjustable power charging strategy to guide the charging of EVs by users [9].
Armenta-Déu C et al. proposed that EVs can reduce the peak-to-valley difference in power
consumption of the grid through V2G technology [10].

In recent years, the rapid growth in the number of EVs has led researchers to pay
extensive attention to V2G technology, and there has been a proliferation of V2G-related
research. In a previous literature review, [11] explored the implications of applying V2G
technology in power distribution systems and investigated V2G interface strategies for
single and multiple EVs. Moreover, [12] describes the power flow methodology used in
the V2G scheme and the challenges associated with the commercial application of V2G
technology. The study in [13] examines the implementation challenges of EV infrastructure
and charging systems in the context of multiple international standards and charging
specifications. In addition, [14] discusses the operation of EVs and their impact on grid
stability. While [15] describes the potential of V2G in regard to ancillary services and
discusses the potential impacts, challenges, and future market penetration opportunities of
V2G technology. Furthermore, [16] reviews the technologies, technical components, and
system requirements needed to deploy EVs in the context of grid-related services. However,
little attention has been paid to the social and economic benefits of V2G technology and the
innovative applications of EVs in the V2G technology environment.

This paper focuses on the practice of V2G standards, the social and economic benefits
of V2G technology, cutting-edge research on V2G application areas, the challenges, and the
outlook. This article contributes by making the following points:

• A discussion on the social and economic benefits of V2G technology. The social
benefits of V2G technology are discussed from three perspectives: the grid demand
response, personalized charging, and the coordination of renewable energy sources.
The economic benefits of V2G technology are discussed from three perspectives: the
grid, the aggregator, and the individual, respectively. And the social and economic
benefits of V2G technology are highlighted by comparing the V2G system with ordered
charging and unordered charging.

• The cutting-edge applications of EVs in the V2G technology environment concerns
three points: V2G applications for commercial EVs, emergency power applications
through V2G EVs, and energy interactions between EVs through V2G networks.

• A discussion on the current challenges in regard to V2G applications and a discussion
on the existing solutions. The challenges include users’ willingness to participate in
V2G systems, battery loss, charging and discharging tariffs, privacy and security, and
power loss. Finally, some research suggestions are given for the development of V2G
technology, and the current research status of theses research suggestion is discussed,
including four directions: battery performance degradation, the stepwise utilization
of retired batteries, integration with renewable energy sources, and policy.

2. Concept and Implementation of V2G Technology

According to the latest standards [17] released by the International Electrotechnical
Commission (IEC), through V2G technology, EVs can not only obtain power from the
grid for charging, but they also provide feedback to the grid on the energy stored in the
battery, realizing the bidirectional flow of energy, which is the definition of V2G used by
the international agency. A conceptual flowchart is shown in Figure 3 [18] below.
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In recent years, China has also actively promoted the development and improvement
of V2G-related standards. GB/T 29317 [19] defines V2G as an EV power battery connected
to a public grid through a charging and discharging device, as an energy storage unit that
participates in the public grid power supply mode of operation to achieve a bidirectional
flow of energy. GB/T 18487 [20] provides domestic V2G-related technical standards.
However, the current domestic V2G technical system standards are still under construction,
and China plans to establish a V2G technical system by 2025 and fully build it by 2030.
Against the background of V2G technology, EV users can benefit from supplying electricity
to the grid to earn revenue and charge their EV when electricity prices are low, thereby
reducing energy costs. The application of V2G technology not only improves the efficiency
and stability of the energy system, but also provides EV users with more flexible and
economical charging options, promoting the transition to clean energy.

According to the latest statistics from the V2G Hub website, there are 134 V2G projects
in 27 countries and regions worldwide, mainly concentrated in Europe and North America
with 91 and 23, respectively, Japan and Korea both have 9, while there are only 4 in
China [21]. From these data, it can be seen that V2G projects are unevenly distributed
around the world, but the greater number of deployments in Europe and the United States
indicates their positive attitude and leading position in regard to new energy technologies,
while China, as the world’s largest consumer market for new energy vehicles, has a
relatively slow pace of practical exploration of V2G technology, and there is still much
room for development.

Thanks to the rapid development of EV technology and V2G technology, more and
more countries and regions have carried out practical V2G projects to validate the feasi-
bility of V2G technology. In 2014, LomboXnet, in cooperation with several organizations,
conducted the V2G demonstration project “Smart Solar Charging” to integrate EVs with
photovoltaic panels. The project combined photovoltaic power plants with EVs to form an
intelligent and dynamic charging and storage system. With V2G technology, peak loads
on the grid can be reduced. This project was the first V2G project in the world to combine
photovoltaic power generation and EVs [22]. In 2016, the Technical University of Denmark
(TUD), along with Nissan and other organizations, initiated a practical V2G project called
“Parker”, which has been delivering FM services in the electricity market across various
regions of Denmark for over three years. This project was the first commercial V2G pilot
project in the world [23]. In 2018, Octopus EVs in the UK joined forces with a number
of organizations to conduct a V2G pilot project called “Powerloop”, which explored cus-
tomers’ driving and charging behaviors and their perceptions of V2G services, providing
insights and best practice recommendations for future V2G industry stakeholders [24]. In
2023, the State Grid Wuxi Power Supply Company conducted China’s largest V2G pilot
project called “e-Park” in Wuxi, Jiangsu Province. The project was equipped with 50 sets of
60 kilowatt (kW) V2G DC charging stations. In a 30 min test, the 50 new energy vehicles
had a reverse charging power of nearly 2000 kW, enough to meet the normal electricity
demand of 133 households in Wuxi for one day [25]. A comparison of the four V2G pilot
projects just mentioned is shown in Table 1.
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Table 1. V2G pilot project comparison table.

Project Name Timing Scale Mode Goal

Smart Solar Charging 2014 22 Renault Zoe (40 KW/h) EVs,
22 charging posts.

V2G technology is utilized to
store photovoltaic electricity in
EVs, which can be fed back into
the grid when charging tariffs
are high or grid loads are high.

An intelligent system was
developed to realize that EVs
can be charged directly from a
photovoltaic power station via

a V2G charging post for DC
charging, and the electricity

stored in EVs can be fed back
into the grid. The system

enables four types of power
flow: photovoltaic panels to

EVs, photovoltaic panels to the
grid, EVs to the grid, and grid

to EVs.

Parker 2016 10 EVs, 43 V2G-enabled
charging posts.

A series of tests and
demonstrations on the
experimental platform

PowerLabDK using EVs and
V2G DC chargers. Also, with the

world’s first V2G commercial
pilot (Frederiksberg Forsyning

V2G hub).

Validate that EVs can provide
ancillary services to the grid

by vertically integrating
resources and assessing the
ability of EVs to meet grid
needs. Explore the market,

technology, and user barriers
to V2G commercialization to

pave the way for further
commercialization.

Powerloop 2018
135 users signed up for testing in

2021, which continued
through 2022.

Packaging EV rental with V2G
grid services into a package.
Users lease EVs with a V2G

package (e.g., Nissan LEAF) for
£299 per month, and then users
can use the V2G service at least

12 times per month via the
mobile app, which gives them an
additional £30/month cashback.

Technical validation of
V2G-enabled vehicles and

chargers to explore the
technical, commercial, and
practical feasibility of V2G

technology in the UK.

e-Park 2023

50 EVs and 50 sets of 60 kW DC
charging piles integrated with a
photovoltaic power plant and an

energy storage plant.

Combining the four functional
systems of photovoltaics, an

energy storage power station,
charging, and discharging, a

multifaceted energy
management system is

established, which uniformly
monitors and manages the

operating conditions of
individual functional systems. It

also sets up a time-sharing
points system, whereby the
owner of a vehicle can earn
points by accessing the V2G

charging station to feed
electricity into the grid. Each

point can be exchanged for the
charging rights and benefits of

3 kWh of electricity.

Verification of grid
responsiveness to EV reverse
charging loads and the effect
of dissipating photovoltaic

generation energy.

3. Social Benefits of V2G Technology

In recent years, much attention has been given to V2G technology, an electrical energy
interaction between the grid and EV users that improves the operational efficiency and
stability of the grid and brings significant social benefits to the grid. Compared to ordered
charging and unordered charging, V2G can bring more significant social benefits. A
detailed comparison is presented in Table 2. By flexibly utilizing the batteries of EVs,
V2G technology is expected to revolutionize the way we manage energy. The social
benefits of V2G technology are analyzed here according to specific application scenarios
and needs, including the grid demand response, personalized charging, and renewable
energy coordination.
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Table 2. Comparison of social benefits.

Social Benefit V2G Ordered Charging Unordered Charging

Grid Demand Response

The charging and discharging
behavior can be adjusted

according to the grid demand,
which helps to reduce the
peak-to-valley difference,

frequency fluctuations, and
other grid demands. This can

enhance the stability of
grid operation.

Being able to avoid charging
at peak times helps reduce

peak-to-valley differences, but
it is not as flexible as V2G.

Unable to respond to grid
demand, unordered charging
increases the grid load, and is

not conducive to the stable
operation of the grid.

Personalized Charging

Personalized charging and
discharging services can be
planned according to user

preferences and needs through
unified system scheduling.

It is not possible to provide a
personalized charging plan.

This is because charging
behavior is influenced by the

reality of electricity usage.

Inability to predict and control
charging behavior and

provide personalized charging
services.

Coordination of Renewable
Energy

EVs can harmonize the
stochastic and fluctuating

nature of renewable energy
sources through the role of

energy storage and supply, and
through the efficiency of

their utilization.

When there is too much
renewable energy generation,

EVs can function as energy
storage, but not
energy supply.

Inability to provide energy
storage and functionality to
reconcile the stochastic and

volatile nature of
renewable energy.

3.1. Grid Demand Response

According to the load demand of the grid, the charging and discharging behaviors
of EVs are adjusted, and the peak and valley regulation, frequency regulation, and the
reactive power control of the power system are performed to achieve load balance and
stable operation of the grid.

(1) Peak Variation Control

Through V2G technology, EVs can return electric energy at the peak of electricity
consumption, using peak tariffs to gain economic benefits and reduce the load pressure on
the grid, while charging in the low valley of electricity consumption, using low valley tariffs
to reduce charging costs, and achieve the efficient use of electric energy. Tan Qinliang et al.,
based on the consideration of the large-scale participation of EVs in V2G peak shifting,
focusing on the impact of seasonal factors on the participation of EVs in the application of
V2G technology, established a multiobjective planning model with the minimum system
operation costs, the minimum load fluctuation on the grid side, and the maximum economic
benefits on the user side to optimize the power supply structure and increase the overall
economic benefits of the system. Finally, taking the Hebei Province region as an example,
the results show that there is a seasonal characteristic to the peak effect, in which the
summer effect has the best impact and the winter effect has the worst [26]. Xiao Li et al., in
response to the random entry of a large amount of EVs into the grid, which causes the peak-
to-valley difference of the grid load to increase, proposed a two-layer optimal scheduling
strategy for EV charging and discharging based on V2G technology, by formulating the
charging load and discharging output in each time period as an upper-layer model, and
based on users’ willingness to participate or not and users’ scheduling ability as a lower-
layer model, and using multiple swarm optimization and genetic algorithms to analyze
the model, and the results show that the proposed model is not only able to smooth the
peaks, but is also able to reduce the peaks and valleys. The results show that the proposed
model can not only smooth the load fluctuations, but also maximize the economic benefits
for users [27].
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(2) Frequency Control

Through V2G technology, the battery energy storage system in EVs is used to supply
power to the grid, or absorb power from the grid, during grid frequency fluctuations to
maintain the grid frequency in a safe range. Xin Song et al. proposed a switching integral
reinforcement learning scheme for collaborative grid frequency control that combines
V2G control with power plant frequency control to mutually achieve frequency regulation
and, finally, verified the effectiveness of the scheme using an IEEE-14 bus test system [28].
Xiangyu Chen et al., in order to coordinate a large number of EVs distributed in different
geographical locations, proposed a generic hierarchical framework for V2G systems that
provides frequency regulation services and, finally, the results of the simulation experiments
showed that the framework has good frequency regulation capability [29]. KC Leung et al.
presented a game theoretic approach using noncooperative and cooperative games to
incentivize EVs to provide frequency regulation services to the grid, where the aggregator,
as a leader, determines the price of the electricity transaction, and the EV users, as followers,
determine their charging and discharging strategies. The simulation results show that the
proposed game theoretic approach can incentivize EVs to smooth the power fluctuations in
the grid [30].

(3) Reactive Power Control

In V2G technology, the battery energy storage system in EVs is used to supply or
absorb reactive power from the grid by adjusting the charging and discharging behavior of
EVs, as needed, to help achieve the goals of maintaining a stable voltage and optimizing the
power factor in the grid. Chen Tianjin et al. proposed applying a virtual synchronization
control strategy to the V2G system of EVs. First, the charging and discharging system
is designed according to the principle of virtual synchronization. Second, parameters,
such as virtual inertia and damping in the controller, are adjusted so that the V2G system
has the operating characteristics of a traditional grid. Finally, simulation experiments
verify that the V2G system has good active and reactive tracking performance and can
quickly respond to grid anomalies and regulate the charging and discharging power, or feed
reactive power back to the grid, which improves the stability of the grid and its interference
immunity [31]. Jindi Hu et al., to exploit the aggregated reactive power V2G capability
of large-scale distributed EV chargers, proposed a distributed model predictive control
strategy for balanced and unbalanced distribution networks, and integrated them into a
real-time balanced and unbalanced distribution network with voltage regulation. Finally,
numerical values were obtained from an IEEE European low-voltage test feeder system,
the results were validated, and the results showed that the proposed strategies achieved
good voltage regulation performance [32].

3.2. Personalized Charging

According to the user’s behavior and charging needs, a personalized charging and
discharging plan is developed to meet the grid demand, while satisfying the user’s needs
and improving the user experience. Hong Ruijie et al., using EV users’ idle time and
acceptance of the discharge cut-off capacity as criteria, followed a detailed division of
EV groups, established charging and discharging load curves for EV users with different
preferences, more accurately simulated EV users’ discharging behavior, and established
an optimization function model with the goal of increasing aggregator revenue to further
improve EV V2G charging and discharging strategies. Finally, private passenger cars and
official passenger cars are used as examples, and the results show that this strategy further
improves the economic and social benefits [33]. According to Su et al., in response to the
inertia, lack of damping, and frequency fluctuation problems caused by large-scale EVs
entering the grid, based on virtual synchronous generator technology and fuzzy control
technology, an intelligent charging and discharging control strategy for EVs that considers
the charging demand of the user is proposed. Finally, simulation experiments are carried
out in the case of different battery states and user demands, and the results show that in
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the case of meeting the user’s demand, the grid frequency fluctuations are reduced, and
the stability of grid operation is improved [34].

3.3. Coordination of Renewable Energy

EVs are combined with other renewable energy sources through V2G technology to
form a new energy management system. This system not only meets grid demand and
improves grid stability, but also increases the utilization rate of renewable energy sources.
Lin et al. first applied V2G technology in a multi-energy complementary system based
on a common AC bus; then, they proposed a V2G autonomous active–reactive control
strategy based on a virtual synchronous machine, which simulates the electromechanical
transient characteristics of a conventional generating set through the optimal design of
key parameters, such as virtual inertia and damping coefficients, and realised that the
system autonomously performs voltage and frequency regulation to solve the grid index
fluctuation problem [35]. Jia Shiduo et al. proposed a multilayer coordinated optimization
strategy for ETH-IES (electric–thermal–hydrogen integrated energy system), which includes
feedback correction for V2G loads. Finally, an ETH-IES industrial park was used as an
example, for research and analysis. The results showed that the proposed strategy improves
the system operation economy and tracks the planned value of the main network contact
line, and it also realizes a win-win situation for EV users and the operator [36]. Yu Zichun
et al. proposed a two-phase optimal scheduling method for a regional integrated energy
system that considers the V2G response of electric buses. This method addresses the
problems of wind and light dissipation and total load fluctuations caused by the access
from high-penetration renewable energy sources and electric buses to the system. The final
simulation results demonstrate that the proposed method can improve the wind and light
dissipation capacity and operational economy of the regional integrated energy system,
while reducing the total load fluctuation of the power system [37]. Bingjie Shang et al.,
due to the stochastic nature of wind power generation, which not only affects the stability
of the power grid, but also causes the phenomenon of wind power abandonment, which
leads to the waste of resources, proposed that EVs can be used as storage batteries for
wind power, thus improving the ability of the power grid to consume wind power [38]. By
combining V2G technology with renewable energy, a new energy management system can
be developed. This offers a novel solution for energy management.

4. Economic Benefits

When applying V2G technology, it is crucial to consider the economic benefits for the
grid, the user, and the aggregator. Participating in the V2G system can provide economic
benefits for EV users, such as reduced charging costs and potential profits. Aggregators
are responsible for managing EV participation in the V2G system, including recruitment,
registration, and energy market transactions. Aggregators offer flexible power resources
to the market by optimizing vehicle charging and discharging behavior. This promotes
the stable operation of the grid and provides economic benefits and other services to
vehicle owners. Aggregators aim to obtain economic returns, while ensuring the safety and
effectiveness of vehicle participation in the V2G system by working with the grid operator.
They also strive to maximize the economic benefits for EV users. The grid considers the
use of load regulation concerning EVs to make the grid stable during the operation of
V2G technology [39]. Therefore, the focus is on the benefits for both aggregators and
EV users. Compared with ordered charging and unordered charging, V2G technology
has a significant advantage in terms of economic efficiency. Table 3 compares these three
charging methods.
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Table 3. Comparison of economic benefits.

Targets Economic Benefits
Charging Method

V2G Ordered Charging Unordered Charging

Grid

Operating costs

It can reduce the cost of
grid operation to a
great extent. This is

because V2G
technology can flexibly

dispatch the power
stored in EVs’ batteries,

reducing the reliance
on conventional power

generation facilities.

It can reduce grid
operating costs, but not to

the same extent as V2G.
Although it can avoid

peaks and valleys when
charging, thus optimizing

the allocation of power
generation resources and
electric energy resources,

the electric energy can only
be used by EVs themselves.

Instead of reducing grid
operating costs, they may

increase them. This is
because unconstrained
charging may lead to
increased peak loads,

increasing the risk of grid
stress and under supply.

Investment in energy
storage devices

It can effectively reduce
the investment in

energy storage
equipment. This is

because the grid can
utilize the batteries in

EVs to store excess
power and wait for it to
be dispatched for use

when needed.

Charging is not carried out
during peak power

consumption, and charging
occurs after peak power
consumption or when
there is excess power.

Compared to V2G, ordered
charging cannot feed

power into the grid and
can only be used for

self-consumption, thus
limiting the effect of grid

investment in energy
storage equipment.

In contrast to V2G and
ordered charging, unordered
charging typically does not

decrease the grid’s
investment in energy storage
devices, but it may instead

increase it. Because
unordered charging may

lead to increased peak loads
and grid stress, the grid may
need to invest in additional

energy storage equipment to
manage load fluctuations.

Person
Reduce charging costs

and gain additional
revenue

EV users can
participate in electricity
market trading, choose

low tariff hours for
charging, and utilize
stored electricity to
participate in V2G

services, thus reducing
charging costs and

even obtaining
additional revenue.

Users are able to reduce the
cost of charging through

time-of-use tariffs, but they
are unable to participate in

electricity market
transactions, so they do not
receive additional revenue.

There is no way to reduce the
cost of charging or gain

additional revenue. Because
unordered charging does not
take into account the price of

electricity and does not
participate in electricity

market transactions.

Aggregator Make profit

Aggregators can make
a profit by participating

in electricity market
transactions on behalf

of EV users, receiving a
fee for their services.

Aggregators can plan
charging schedules for EV
users, direct EV users to
charge when electricity
prices are low, and then

charge a fee for the service.

With unordered charging,
aggregators cannot make a

profit from it.

(4) User Benefits Maximization

Maximizing the economic returns of users is an important design objective of many
V2G control strategies. Vinay Chamola et al. proposed an intelligent framework based on
the Internet of Things (IoT) and edge computing to effectively manage V2G operational
strategies. The proposed framework creates an optimal charging schedule for each EV
user, which helps to stabilize the grid and improve its reliability and energy efficiency,
while maximizing the profit of EV users [40]. Alicia Triviño-Cabrera et al. proposed a
mathematical framework based on a mixed integer linear programming problem, with
the objective of maximizing the revenue of EV users. Finally, the method was validated
using an IEEE-37 node test feeder, which showed that the method provides maximum
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economic benefits to EV users, while improving the operation of the grid [41]. Mehrdad
Ebrahimi et al. proposed a new stochastic day-ahead residential charging model with
the objective of minimizing the expected customer charging costs, including the cost of
electrical energy and the cost of battery aging, while satisfying the customer service quality
constraints, and the results showed that the model maximized the benefits to EV users [42].
Ma Yongxiang et al. proposed a master–slave game pricing strategy that considers the
economic benefits of both the virtual power plant and the EV users and, then, studied and
analyzed the results through arithmetic examples. The results show that the method can
smooth the load fluctuation of the grid well, reduce the peak-to-valley difference of the
load at the same time, and maximize the economic benefits for the users participating in
the V2G service [43].

(5) Aggregator Revenue Maximization

Aggregator revenue maximization is one of the key objectives in some V2G control
strategies. By effectively managing and optimizing the charging and discharging behavior
of EVs, aggregators can maximize their revenue. Samy Faddel et al. proposed an algorithm
to optimize the bidirectional V2G technology operation uncertainty of an EV aggregator.
The proposed algorithm maximizes the profit of the aggregator, while providing EV users
with lower charging costs. The final simulation results show that this algorithm not only
generates maximized profits, but also reduces the battery degradation cost of EVs to help
extend their lifetime [44]. Benedikt Tepe et al. proposed that the aggregator can group
EVs into different groups based on their power and energy capacity profiles instead of
randomly combining them before trading the energy and finally providing balanced power,
for example, on the Central European Frequency Containment Reserve Market, as well as
energy arbitrage trading on the European Power Exchange intraday continuous and day-
ahead auction spot markets, using these examples to analyze the feasibility of the scheme,
which shows that by intelligently grouping EVs, aggregators can increase the revenue
per vehicle in the market by up to seven times compared to randomly grouped EVs [45].
Dai Zhaohua et al. proposed an EV charging and discharging optimization strategy from
the perspective of a supply and demand side game that combines users’ charging and
discharging habits and established an EV charging and discharging optimization model
based on the relationship between the supply and demand side game, with the objectives of
maximizing the aggregator’s revenue and minimizing the EV users’ electricity consumption
costs. Finally, a simulation was conducted to solve the problem, and the results show that
the proposed charging and discharging strategy can cause the charging and discharging
loads of EVs to play the role of peak shaving and valley filling in the base load curve,
reduce the charging and discharging costs of EV users by 40.4%, and increase the revenue
of the aggregator by approximately 40.1% [46].

5. Cutting-Edge V2G Application Research

With the rapid development of the energy transition, an increasing amount of cutting-
edge research is being conducted to expand the application areas of V2G technology. As
an energy management technology with great application potential, V2G technology not
only improves the stability of grid operation, but also promises to realize a wider range of
applications in more fields.

5.1. Research Prospects of Commercial EVs in Regard to V2G Technology

Although in recent years most V2G applications have focused on private EVs, an
increasing number of researchers have started to explore the possibility of including com-
mercial EVs in V2G applications. Commercial EVs mainly refer to commercial vehicles,
such as EV taxis and buses, which usually have larger battery capacities and more frequent
charging cycles and, thus, can provide more electricity for grid services. Ren Feng et al.
proposed the strategy of calling electric taxi vehicles for peak shaving and valley filling,
using the K-means algorithm to determine the most suitable electric taxi clusters to be
called in a certain region. Based on demand response tariffs, a revenue model of electric
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taxis involving the combined effect of the conventional operation mode and V2G mode
was established, and the final simulation results showed that the strategy can not only
achieve a better peak shaving effect, but also achieve better returns [47]. Jonatas Augusto
Manzolli et al. conducted a case study using real data from a small electric bus fleet consist-
ing of 11 electric buses in a medium-sized city in Portugal to validate the feasibility of bus
participation in the V2G system, and the results show that with a battery replacement cost
threshold below 100 V/kWh, it may be economically attractive for public transport opera-
tors to sell electricity to the grid for a given remuneration package. Considering battery
degradation and electricity sales, operating costs can be reduced by 38% by 2030 [48].

5.2. Research Prospects of EVs as Emergency Power Supplies

After years of development and research, EVs can not only provide electricity services
in the V2G mode, but also have many other applications. The charging and discharging
behaviors of EVs can be flexibly adjusted according to market demand. In emergency
situations, EVs can also serve as a backup power source to provide emergency power
support. Hu Siyang et al., based on EV V2G technology and considering the discharge
capacity of EVs and using them as an auxiliary power source in conjunction with emergency
power supply vehicles, quickly restored lost loads, which effectively reduced the loss of
power, while having the advantages of good flexibility and being able to reduce the cost of
configuring traditional emergency energy sources, such as emergency energy storage and
emergency power supply vehicles; additionally, they proposed an optimization strategy
for the restoration of the power supply based on V2G technology. The final simulation
results verify the feasibility of the proposed method [49]. Yang Qiming et al. proposed an
urban distribution network resilience enhancement strategy based on vehicle-to-grid (V2G)
technology to enhance the ability of urban power grids to cope with typhoon disasters,
which involves using EVs as an emergency power source to supply areas affected by power
outages caused by typhoon disasters [50]. However, these two methods have not been prac-
tically applied to verify their feasibility and reliability and are biased toward idealization.

5.3. Research Prospects of New Energy Trading Models in the Context of V2G Technology

With the development of EVs and V2G technology, researchers are exploring new
energy trading models to achieve more efficient and sustainable energy use. Xiuli Wang
et al. proposed a model in which EV users can share and trade surplus electricity through
V2G technology. Simulation experiments were carried out, and the results show that the
proposed electric power trading model can achieve a win-win situation for both trading
parties [51]. Liu et al. proposed a model for a localized vehicle-to-vehicle energy trading
system based on a federated blockchain. This system allows EV users to exchange electrical
energy in a V2G network. The proposed model employs a new secondary double auction
mechanism to determine the trading price [52]. This method determines the transactions
between EV users. This reduces the management cost of the grid and eases the pressure on
grid operation by enabling direct charging of EVs from the grid. This, in turn, increases the
pressure on grid operation. Although these methods are still at the theoretical stage, they
are expected to play an important role as technology progresses and the market develops.
These research results provide strong support for future diversified applications of EVs in
the V2G mode.

6. Challenges Faced

V2G technology is an emerging and disruptive innovation in the rapidly evolving
energy sector. It is widely recognised as one of the key pathways involved in the energy
transition. V2G technology transforms EV users from mere consumers to active participants
in the energy system, bringing new flexibility and sustainability to the energy system.
However, its practical application faces many challenges. The following section will address
the challenges associated with V2G technology and provide corresponding solutions.



World Electr. Veh. J. 2024, 15, 190 12 of 18

6.1. Willingness of EV Users to Participate

V2G technology is a promising means of energy management that has attracted much
attention. However, its successful application depends on the active participation and
cooperation of EV users. Although V2G technology offers many potential economic benefits
to users, their willingness to participate is affected by various factors. Joachim Geske et al.
conducted a survey of EV users in Germany. The results showed that ‘mileage anxiety’
and ‘minimum range’ are important factors that affect EV users’ willingness to participate
in V2G programs. If these problems can be solved, the EV user participation rate can be
high, even without a reward for participation [53]. Bing Huang et al. explored the factors
affecting the willingness of EV users to participate in V2G programs in the Netherlands.
The study revealed that EV users in the Netherlands are generally unwilling to participate
in V2G programs due to their concerns about the minimum battery level of their EVs after
participating in V2G. Fast charging technology is preferred over normal charging due to
the speed [54]. Mileage anxiety remains a significant challenge in the application of V2G
technology. Users may be concerned about consuming too much battery power during
the V2G process, which could result in insufficient vehicle range. This could lead to the
embarrassment of having no power available when they need to use the vehicle themselves.
Therefore, a larger battery capacity or faster charging technology could be helpful for the
application of V2G programs.

6.2. Battery Depletion

Battery depletion is a significant challenge in V2G applications. Frequent charging
and discharging cycles accelerate the aging of batteries and reduce their capacity and
performance. Justin D.K. Bishop et al. evaluated the impact of V2G services on EV batteries.
The results of the study showed that the battery capacity of EVs participating in V2G
services degrades at an accelerated rate [55]. Yan Xiaoyu et al. investigated the causes of
capacity degradation of lithium ion batteries and showed that the charging and discharging
power and the number of battery cycles are responsible for the capacity degradation of
lithium ion batteries [56]. Uddin K et al., in their paper, argued that the current V2G pilot
study, which employs a simplistic approach to online charging and discharging of EVs, is
economically unfeasible. This is due to the frequent charging and discharging of EVs, which
accelerates battery degradation, reduces battery life, and results in additional economic
losses for EV users [57].

V2G participation accelerates the degradation of EV battery capacity, which inevitably
has many negative impacts on users. First, a shorter battery life means that batteries need
to be replaced and maintained more frequently, which can cause some economic loss to
users and increase operating costs, and economic loss is also an important consideration,
as more time and money need to be spent on battery maintenance. Second, the reduced
range affects the convenience of using the vehicle and the user experience. Finally, the
problem of the disposal of used batteries may increase, which will undoubtedly put some
pressure on the need to protect the environment. Ali Ahmadian et al. studied the cost
effectiveness of battery degradation in EVs in V2G mode and developed a comprehensive
model of the effect of a charging/discharging strategy on vehicle battery pack degradation,
and the simulation results showed that V2G implementation without battery degradation
is economical [58]. Shubham Bhoir et al. developed a battery model to estimate battery
degradation in EVs while participating in the V2G system. They conducted a case study
to evaluate the expected profit of participating in the V2G system and calculated the cost
of EV degradation for EVs with and without V2G service participation. This provides
EV users with a reference to consider when participating in V2G services [59]. Haris M.
Khalid et al., for the problem of battery capacity degradation due to cyclic charging and
discharging of batteries, proposed a regression method based on the median expectation for
parameter estimation of vehicle batteries in a V2G system and, finally, validated it using the
D-SAT Chroma 8000ATS hardware platform (Chroma ATE Inc., Taoyuan, Taiwan), and the
results showed that the method can accurately estimate battery dynamics [60]. The timely
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detection of the state of the battery helps EV users develop better countermeasures, which
in turn reduces battery loss. In the face of an increasing number of retired EV batteries,
Zhou Ruifeng proposed that retired batteries be given new energy sources as energy storage
batteries, which is a secondary use of EV batteries [61].

6.3. Optimizing Charging and Discharging Tariffs for V2G Systems

Electric vehicle (EV) users participate in vehicle-to-grid (V2G) programs to sell the
electricity stored in their EV batteries to the grid or other parties when there is demand,
generating revenue. For example, during peak electricity consumption, EV users can sell
electricity to the grid at a higher price than usual and recharge the battery at a lower
price when the peak is over. Therefore, it is necessary to set reasonable charging and
discharging tariffs to guide more EV users to participate in the V2G system, which is one of
the challenges in current V2G applications. Tan Zefu et al. noted that domestic static time-
sharing tariffs or ladder tariffs are relatively homogeneous, and most studies on tariffs aim
to stabilize charging loads as the primary purpose [62]. However, such studies lack tariff
divisions that take into account the sense of participation of EV users, and there are fewer
dedicated time-sharing tariff schemes that include EV users’ charging and discharging
behaviors. In contrast, research on charging and discharging tariffs for EVs participating
in the V2G system in Europe and the United States is more diverse, with more flexible
pricing strategies for charging and discharging in the United States, including critical peak
pricing, peak time rebates, and real-time pricing, while Europe focuses on meter-based
pricing intelligence [63]. From the above, it can be seen that Europe and the United States
have more diverse and flexible schemes for electricity pricing, while the domestic ones are
more homogeneous, so this provides a reference for the further development of the V2G
system in China.

6.4. Privacy Protection

Privacy protection in regard to V2G technology aims to prevent the leakage or misuse
of EV users’ personal information. As EVs become more popular and V2G technology
develops, users’ charging and travel data may contain sensitive information, such as travel
routes and charging habits. Therefore, it is crucial to adopt effective privacy protection
measures. Chen Fuan et al. proposed a blockchain-based certificate-less ring signing
confidential privacy protection scheme to achieve the privacy protection of transaction
information for vehicle users and the secure transmission of communication messages
in V2G systems. The scheme uses ring signing confidentiality technology to ensure the
anonymity of vehicle users in the service process and the authenticity and integrity of data
transmission [64]. Huberjee et al. proposed a multifunctional privacy-preserving data
aggregation scheme for V2G networks in response to the problem that the current privacy-
preserving data aggregation schemes are not functional enough to meet the demands of
increasingly rich applications [65]. To prevent EVs from being tracked by their IP addresses,
Mahmoud Hashem Eiza et al. proposed an efficient, secure, and privacy-preserving
proxy mobile Ipv6 (ESP-PMIPv6) protocol for protecting mobile IP communications in
V2G networks [66]. Shubhani Aggarwal et al. suggested an efficient blockchain-based
authentication scheme for energy transactions in V2G networks to address security issues
during energy transactions between EVs and charging stations [67].

In summary, privacy protection in terms of V2G technology is crucial because it
involves not only the protection of personal private information, but also the security
and trustworthiness of the V2G system. At present, various privacy protection schemes
based on blockchain, cryptography, and security protocols are emerging, which provide an
effective guarantee of the safe operation of V2G systems. With the continuous progress and
improvement of technology, privacy protection in the V2G field will be further strengthened
to protect the interests of users and systems.
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6.5. Power Loss

The occurrence of power losses during V2G applications is an important consideration.
Such losses can occur at multiple points, such as conversion losses during EV charging
and discharging, transmission losses during grid transmission, and conversion and control
losses in V2G systems. These losses not only affect the efficiency of energy utilization, but
also may increase system operating costs and exacerbate environmental impacts. Therefore,
reducing power losses during V2G applications is one of the keys to improving system
efficiency and sustainability. Yosef A. Shirazi et al. studied the problem of power losses
during V2G operation and noted that the current studies on V2G technology applications
have not sufficiently considered the problem of power losses, they also stated that existing
analyses of V2G operating costs greatly underestimate the operating costs. In the end, they
called on researchers to seriously consider the problem of power loss in future studies [68].
Therefore, it is important to fully consider the power loss generated during V2G operation
for efficient and sustainable system operation. The study of power loss will provide strong
guidance for the further development of V2G technology.

7. Research Prospects and Summary

It is anticipated that research in areas related to V2G applications will be a popular
topic. This paper summarizes the current research status of V2G technology, including the
definition of V2G, its implementation, the social benefits, the economic benefits, cutting-
edge application areas, the challenges, and future research directions. An extensive review
of the social and economic benefits of V2G technology is presented, as well as cutting-
edge V2G applications that have received little attention in the literature reviewed to date.
Compared to ordered charging and unordered charging, V2G technology not only has
significant social benefits in terms of grid demand response, personalized charging, and
coordinated renewable energy, but also has significant economic benefits for the grid,
aggregators, and individuals, and this paper discusses the social and economic benefits
of V2G in detail. Meanwhile, V2G technology has a wide and innovative application
prospect in regard to commercial EVs, emergency power supply, and new energy trading
models. However, V2G technology still faces challenges, such as EV users’ willingness
to participate, battery loss, optimizing V2G charging and discharging tariffs, privacy
protection, and power loss. Future research needs to focus on how to solve these problems.
Finally, four research directions are proposed, namely: battery performance degradation,
the stepwise utilization of retired batteries, integration with renewable energy sources, and
policy. Some of the current research in these directions is presented.

With the advancement of the energy transition and the rapid popularization of EVs,
V2G technology has attracted much attention as an emerging energy management solution.
The concept has triggered new thinking about energy management, transforming EVs into
dynamic energy resources, which is expected to revolutionize the energy system. Although
the current research on V2G technology has made considerable progress, and various
countries have conducted V2G pilot projects to explore the feasibility of V2G technology,
there are still a number of challenges to achieve the great potential of V2G technology and
realize large-scale commercial applications. In this regard, the following suggestions are
made in the hope that they can provide some reference and inspiration for research in
related fields:

1. Battery performance degradation: EVs involved in the V2G process will experience
frequent charging and discharging for a long period of time, and the increase in charging
cycles will lead to an increase in the internal resistance of the battery, which in turn
will exacerbate the rate of capacity degradation. For EVs with built-in battery packs,
which are equipped with preset optimal charging voltages, it is necessary to limit
the discharge current for each operation to prevent overcharging and discharging in
order to avoid negative impacts on the battery pack. In the V2G process, injecting
(or withdrawing) high peak currents from EV batteries can also shorten the battery
life [55,69]. Battery degradation leads to a reduction in battery capacity and a decrease
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in charging efficiency, which in turn further increases the number of battery recharges
and charging time, which can diminish the ease of use and increase the cost of using
EVs [70]. Therefore, the need to predict the health status of EV batteries and take timely
measures to optimize the tram charging and discharging strategies will be an important
direction for future research. For example, Xiong, R et al. developed an effective health
indicator to indicate the health status of lithium ion batteries, as well as a moving
window-based approach to predict the remaining lifetime of the battery [71].

2. The stepwise utilization of retired batteries: With the rapid growth in the number of
EVs and the development of V2G technology, more and more EVs will be involved in
the V2G system in the future, which will produce a large number of retired EV batteries,
which is also a problem yet to be solved. The step-by-step utilization of retired batteries
is also a hot topic for future research, and the step-by-step utilization of large-scale
retired batteries can be solved, which has enormous economic and social benefits. For
example, decommissioned batteries can be used as energy storage for power grids or as
power supply batteries for 5G base stations to fully utilize the value of decommissioned
batteries [72]. They can also be used as storage batteries for renewable energy. In
2014, Nissan developed the retired batteries of 16 Nissan LEAF EVs into a large-scale
battery system for reuse, which was used to verify the power output smoothing effect
of photovoltaic power generation [73].

3. The deep integration of V2G technology with renewable energy sources: The inherent
randomness and volatility of renewable energy sources (wind energy, photovoltaic
energy, etc.) make their efficient utilization a major challenge. According to the news
released by China’s New Energy Consumption Monitoring and Early Warning Center,
in February 2024, China’s wind power utilization rate was 93.7% and photovoltaic
power utilization rate was 93.4% [74]. This means that a large amount of electricity
is wasted, and V2G technology can provide a flexible energy storage and regulation
mechanism, using EVs as an energy storage device, and utilizing V2G technology to
store excess renewable energy in the battery of EVs and then releasing it to the grid
when needed, which can improve the level of renewable energy consumption and
avoid the waste of renewable energy. It has been pointed out that EVs consuming
renewable energy through V2G technology is the most suitable solution to the problem
of renewable energy fluctuation [75]. This can improve the level of renewable energy
consumption by optimizing the charging and discharging strategies of EVs in the V2G
system and achieving intelligent scheduling of EV charging and discharging [76,77].

4. Introducing sound policies to support the development of V2G technology. In addition
to technological research, government policy is also an important part of ensuring the
steady development of V2G technology. For individuals, a sound V2G policy can protect
the rights and interests of individual EV users, and financial support and incentives
can attract more EV users to participate in the V2G system. For enterprises, a sound
V2G policy can provide market access protection and stabilize commercial operations,
and increased financial subsidies are conducive to encouraging the motivation of
enterprises in this direction. Policy makers can adjust taxes, formulate V2G technology
standards and specifications, provide financial support, and other policies to promote
the development and application of V2G technology [78]. The state of California in the
United States has introduced the California EVs and Grid Synergy Roadmap—Electric
Vehicles as a grid resource to provide comprehensive guarantees for vehicle–grid
interactions in terms of business models, policy support, and technical standards.
Countries such as the UK and Japan also support multiple V2G projects through
grants and adopt policies, such as high subsidies and tax incentives to accelerate the
commercialization of demonstration projects [79]. China, as the country with the
largest number of EVs in the world, also introduced the New Energy Vehicle Industry
Development Plan (2021–2035) in 2020 to encourage the enhancement of EVs’ energy
interactions with the power grid [80].



World Electr. Veh. J. 2024, 15, 190 16 of 18

Author Contributions: Writing—original draft preparation, G.C.; writing—review and editing, Z.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Department of SSL Sci-tech Commissioner Program
(20234410-01KCJ-G).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. IEA. Global Electric Car Stock, 2010–2022. 2023. Available online: https://www.iea.org/reports/global-ev-outlook-2023

(accessed on 3 April 2024).
2. IEA, Global EV Data Explorer, IEA, Paris. 2023. Available online: https://www.iea.org/data-and-statistics/data-tools/global-ev-

data-explorer (accessed on 3 April 2024).
3. bbtnews.com.cn. Available online: https://www.bbtnews.com.cn/2024/0111/500881.shtml (accessed on 6 April 2024).
4. epaper.southcn.com. Available online: https://epaper.southcn.com/nfdaily/html/202401/26/content_10088931.html (accessed

on 19 April 2024).
5. Khalid, M.R.; Alam, M.S.; Sarwar, A.; Asghar, M.J. A Comprehensive review on electric vehicles charging infrastructures and

their impacts on power-quality of the utility grid. ETransportation 2019, 1, 100006. [CrossRef]
6. Yu, Y.H.; Chen, J.D.; Han, Z.J.; Yuan, S.; Ma, Z. Research on Orderly Charging Management of Electric Vehicles and Its Impact on

Distribution Network. Northeast Electr. Power Technol. 2023, 44, 34–39.
7. Wang, J.L.; Yong, L.I.; Li, J.S.; Chen, Q.Y. Research of Safety Risk Impact and Management Controls of Electric Vehicle Charging

on Power Grid. Power Gener. Technol. 2018, 39, 405–411.
8. Song, H.; Xu, Y.H. Impact of Large-scale Electric Vehicle Charging on Voltage Quality of Distribution Network and Relevant

Countermeasures. Mod. Electr. Power 2017, 34, 30–35.
9. Ji, Y.; Zhang, J.; Li, S.; Deng, Y.; Mu, Y. Variable power regulation charging strategy for electric vehicles based on particle swarm

algorithm. Energy Rep. 2022, 8, 824–830. [CrossRef]
10. Armenta-Déu, C.; Demas, L. Optimization of Grid Energy Balance Using Vehicle-to-Grid Network System. Energies 2024, 17, 1008.

[CrossRef]
11. Yilmaz, M.; Krein, P. Review of the impact of vehicle-to-grid technologies on distribution systems and utility interfaces. IEEE

Trans. Power Electron. 2013, 28, 5673–5689. [CrossRef]
12. Shariff, S.; Iqbal, D.; Alam, M.S.; Ahmad, F. A state of the art review of electric vehicle to grid (V2G) technology. IOP Conf. Ser.

Mater. Sci. Eng. 2019, 561, 012103. [CrossRef]
13. Habib, S.; Khan, M.M.; Abbas, F.; Sang, L.; Shahid, M.U.; Tang, H. A comprehensive study of implemented international standards,

technical challenges, impacts and prospects for electric vehicles. IEEE Access 2018, 6, 13866–13890. [CrossRef]
14. IEEE; Painuli, S.; Rawat, M.; Rayudu, D.R. A comprehensive review on electric vehicles operation, development and grid stability.

In Proceedings of the 2018 International Conference on Power Energy, Environment and Intelligent Control (PEEIC), Greater
Noida, India, 13–14 April 2018; pp. 106–110.

15. Ravi, S.S.; Aziz, M. Utilization of electric vehicles for vehicle-to-grid services: Progress and perspectives. Energies 2022, 15, 589.
[CrossRef]

16. Umoren, I.A.; Shakir, M.Z. Electric Vehicle as a Service (EVaaS): Applications, Challenges and Enablers. Energies 2022, 15, 7207.
[CrossRef]

17. ISO/IEC 15118-20:2022. Available online: https://www.iso.org/standard/77845.html (accessed on 7 April 2024).
18. EV Charging: Software and Grid Services. Available online: https://www.cleantech.com/ev-charging-software-and-grid-

services/ (accessed on 3 April 2024).
19. GB/T 29317-2021; Terminology of Electric Vehicle Charging/Battery Swap Infrastructure. Available online: https://openstd.samr.

gov.cn/bzgk/gb/newGbInfo?hcno=9E1261A76BDDDC433A49D191973ECBFD (accessed on 7 April 2024).
20. GB/T 18487.2-2017; Electric Vehicle Conductive Charging System—Part 2: EMC Requirements for Off-Board Electric Vehicle Supply

Equipment. Available online: https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=996908E2C678C1DCF1FDB0798F43B6F8
(accessed on 19 April 2024).

21. V2G Hub. Insights. Available online: https://www.v2g-hub.com/insights (accessed on 7 April 2024).
22. gef.sae-china.org. Available online: http://gef.sae-china.org/a4486.html (accessed on 7 April 2024).
23. The Parker ProjectFinal Report. Available online: https://parker-project.com/wp-content/uploads/2019/03/Parker_Final-

report_2019_Appendices.pdf (accessed on 7 April 2024).
24. Powerloop: Trialling Vehicle-toGrid Technology. Available online: https://www.nationalgrideso.com/sites/default/files/

documents/Powerloop%20Final%20report%20-%20Publication.pdf (accessed on 7 April 2024).
25. wuxi.gov.cn. Available online: https://www.wuxi.gov.cn/doc/2023/08/24/4044949.shtml (accessed on 7 April 2024).

https://www.iea.org/reports/global-ev-outlook-2023
https://www.iea.org/data-and-statistics/data-tools/global-ev-data-explorer
https://www.iea.org/data-and-statistics/data-tools/global-ev-data-explorer
https://www.bbtnews.com.cn/2024/0111/500881.shtml
https://epaper.southcn.com/nfdaily/html/202401/26/content_10088931.html
https://doi.org/10.1016/j.etran.2019.100006
https://doi.org/10.1016/j.egyr.2022.10.174
https://doi.org/10.3390/en17051008
https://doi.org/10.1109/TPEL.2012.2227500
https://doi.org/10.1088/1757-899X/561/1/012103
https://doi.org/10.1109/ACCESS.2018.2812303
https://doi.org/10.3390/en15020589
https://doi.org/10.3390/en15197207
https://www.iso.org/standard/77845.html
https://www.cleantech.com/ev-charging-software-and-grid-services/
https://www.cleantech.com/ev-charging-software-and-grid-services/
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=9E1261A76BDDDC433A49D191973ECBFD
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=9E1261A76BDDDC433A49D191973ECBFD
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=996908E2C678C1DCF1FDB0798F43B6F8
https://www.v2g-hub.com/insights
http://gef.sae-china.org/a4486.html
https://parker-project.com/wp-content/uploads/2019/03/Parker_Final-report_2019_Appendices.pdf
https://parker-project.com/wp-content/uploads/2019/03/Parker_Final-report_2019_Appendices.pdf
https://www.nationalgrideso.com/sites/default/files/documents/Powerloop%20Final%20report%20-%20Publication.pdf
https://www.nationalgrideso.com/sites/default/files/documents/Powerloop%20Final%20report%20-%20Publication.pdf
https://www.wuxi.gov.cn/doc/2023/08/24/4044949.shtml


World Electr. Veh. J. 2024, 15, 190 17 of 18

26. Tan, Q.L.; Guo, M.X.; Liu, Y.; Han, J.; Mei, S.F.; Ding, Y.H. Research on Low-Carbon Optimisation Strategy of Regional Power
Supply Based on Large-Scale V2G. Electr. Power Constr. 2022, 43, 56–65.

27. Xiao, L.; Xie, Y.P.; Hu, H.F.; Luo, W.; Zhu, X.H.; Liu, X.B.; Song, T.B.; Li, M. Two-level Optimisation Scheduling Strategy for EV’s
Charging and Discharging Based on V2G. High Volt. Appar. 2022, 58, 164–171.

28. Song, X.; Sun, J.; Tan, S.; Ling, R.; Chai, Y.; Guerrero, J.M. Cooperative grid frequency control under asymmetric V2G capacity via
switched integral reinforcement learning. Int. J. Electr. Power Energy Syst. 2024, 155, 109679. [CrossRef]

29. Chen, X.; Leung, K.C.; Lam, A.Y.; Hill, D.J. Online scheduling for hierarchical vehicle-to-grid system: Design, formulation, and
algorithm. IEEE Trans. Veh. Technol. 2018, 68, 1302–1317. [CrossRef]

30. Chen, X.; Leung, K.C. Non-cooperative and cooperative optimization of scheduling with vehicle-to-grid regulation services. IEEE
Trans. Veh. Technol. 2019, 69, 114–130. [CrossRef]

31. Chen, T.J.; Niu, G.Y.; Gan, J.H.; Chen, F.; Liu, X.L.; Meng, F.T.; Liu, C.; Jia, T. Research and prototype manufacture on electric
vehicle V2G systems based on virtual synchronous control strategy. Power Syst. Prot. Control 2021, 49, 131–141.

32. Hu, J.; Ye, C.; Ding, Y.; Tang, J.; Liu, S. A distributed MPC to exploit reactive power V2G for real-time voltage regulation in
distribution networks. IEEE Trans. Smart Grid 2021, 13, 576–588. [CrossRef]

33. Hong, R.J.; Gu, D.Z.; Mo, R.Q.; Cai, S.N.; Zhang, C.L. Research on optimisation of EV energy storage V2G strategy based on user
preference. Energy Storage Sci. Technol. 2023, 12, 2659–2667.

34. Su, S.; Li, J.H.; Li, Z.N.; Wang, Y.T.; Xia, D.; Wang, S.D. Auxiliary frequency regulation control strategy based on virtual
synchronous machine for electric vehicles considering user demand. Electr. Power Autom. Equip. 2021, 41, 40–47.

35. Lin, X.M.; Tang, J.L.; Zhang, F.; Lou, X.E.; Xiao, Y. Research and application of electric vehicle V2G technology based on a virtual
synchronisation strategyin a multienergy complementary system. Power Syst. Prot. Control 2022, 50, 143–150.

36. Jia, S.D.; Kang, X.N.; Hei, H.J.; Bao, J.L.; Yang, Y.Z.; Cui, J.X. Multilayer Coordinated Optimal Dispatch of Electric-Thermal-
Hydrogen Integrated Energy System Based on V2G Load Feedback Correction. Autom. Electr. Power Syst. 2023, 47, 100–110.

37. Yu, Z.C.; Fan, H.; Xia, S.W. Two-Stage Optimal Scheduling of Regional Integrated Energy System Considering V2 G Response of
Electric Buses. Electr. Power 2012, 55, 179.

38. Shang, B.; Dai, N.; Cai, L.; Yang, C.; Li, J.; Xu, Q. V2G Scheduling of Electric Vehicles Considering Wind Power Consumption.
World Electr. Veh. J. 2023, 14, 236. [CrossRef]

39. Zhang, Z.; Lv, L. Status and development of research on orderly charging and discharging of electric vehicles. Electronics 2023,
12, 2041. [CrossRef]

40. Chamola, V.; Sancheti, A.; Chakravarty, S.; Kumar, N.; Guizani, M. An IoT and edge computing based framework for charge
scheduling and EV selection in V2G systems. IEEE Trans. Veh. Technol. 2020, 69, 10569–10580. [CrossRef]

41. Triviño-Cabrera, A.; Aguado, J.A.; de la Torre, S. Joint routing and scheduling for electric vehicles in smart grids with V2G. Energy
2019, 175, 113–122. [CrossRef]

42. Ebrahimi, M.; Rastegar, M.; Mohammadi, M.; Palomino, A.; Parvania, M. Stochastic charging optimization of V2G-capable PEVs:
A comprehensive model for battery aging and customer service quality. IEEE Trans. Transp. Electrif. 2020, 6, 1026–1034. [CrossRef]

43. Ma, Y.X.; Ma, S.J.; Yan, Q.M.; Kong, Z.Z.; Dan, W.G. Master-slave game pricing strategy between virtual power plants and electric
vehicle users. J. North China Electr. Power Univ. Nat. Sci. Ed. 2023, in press.

44. Faddel, S.; Aldeek, A.; Al-Awami, A.T.; Sortomme, E.; Al-Hamouz, Z. Ancillary services bidding for uncertain bidirectional V2G
using fuzzy linear programming. Energy 2018, 160, 986–995. [CrossRef]

45. Tepe, B.; Figgener, J.; Englberger, S.; Sauer, D.U.; Jossen, A.; Hesse, H. Optimal pool composition of commercial electric vehicles in
V2G fleet operation of various electricity markets. Appl. Energy 2022, 308, 118351. [CrossRef]

46. Dai, C.H.; Yang, S.; Ye, S.Y.; Fan, W.L. V2G Optimisation Strategy from the Perspective of Supply and Demand Game. J. Southwest
Jiaotong Univ. 2023, in press.

47. Ren, F.; Xiang, Y. V2G coordinated strategy and benefit analysis of electric taxis to assist peak load shifting. Electr. Power Autom.
Equip. 2022, 42, 63–69.

48. Manzolli, J.A.; Trovao, J.P.F.; Antunes, C.H. Electric bus coordinated charging strategy considering V2G and battery degradation.
Energy 2022, 254, 124252. [CrossRef]

49. Hu, S.Y.; Liao, K.; Yang, J.W.; Li, B.; Yang, W. Power supply restoration strategy of urban power grid based on V2G technology.
Electr. Power Autom. Equip. 2023, 43, 51–61.

50. Yang, Q.M.; Li, G.F.; Bie, Z.H.; Wu, J.Y.; Ji, C.L.; Liu, D.F. Vehicle-to-Grid Based Resilience Promotion Strategy for Urban
Distribution Network Under Typhoon Disaster. Autom. Electr. Power Syst. 2022, 46, 130–139.

51. Wang, X.; Wei, J.; Wen, F.; Wang, K. A Trading Mode Based on the Management of Residual Electric Energy in Electric Vehicles.
Energies 2023, 16, 6317. [CrossRef]

52. Liu, G.H.; Chen, M.; Liu, Y.X.; Hui, F.H.; Chen, C.; Liu, Q.L. Localised V2V Energy Transaction Based on Blockchain in V2G
Network. Comput. Eng. Appl. 2023, 59, 316–325.

53. Geske, J.; Schumann, D. Willing to participate in vehicle-to-grid (V2G)? Why not! Energy Policy 2018, 120, 392–401. [CrossRef]
54. Huang, B.; Meijssen, A.G.; Annema, J.A.; Lukszo, Z. Are electric vehicle drivers willing to participate in vehicle-to-grid contracts?

A context-dependent stated choice experiment. Energy Policy 2021, 156, 112410.
55. Bishop, J.D.; Axon, C.J.; Bonilla, D.; Tran, M.; Banister, D.; McCulloch, M.D. Evaluating the impact of V2G services on the

degradation of batteries in PHEV and EV. Appl. Energy 2013, 111, 206–218. [CrossRef]

https://doi.org/10.1016/j.ijepes.2023.109679
https://doi.org/10.1109/TVT.2018.2887087
https://doi.org/10.1109/TVT.2019.2952712
https://doi.org/10.1109/TSG.2021.3109453
https://doi.org/10.3390/wevj14090236
https://doi.org/10.3390/electronics12092041
https://doi.org/10.1109/TVT.2020.3013198
https://doi.org/10.1016/j.energy.2019.02.184
https://doi.org/10.1109/TTE.2020.3005875
https://doi.org/10.1016/j.energy.2018.07.091
https://doi.org/10.1016/j.apenergy.2021.118351
https://doi.org/10.1016/j.energy.2022.124252
https://doi.org/10.3390/en16176317
https://doi.org/10.1016/j.enpol.2018.05.004
https://doi.org/10.1016/j.apenergy.2013.04.094


World Electr. Veh. J. 2024, 15, 190 18 of 18

56. Yan, X.Y.; Zhou, S.D.; Lu, Y.; Zhou, X.A.; Chen, F.; Yang, S.C.; Hua, Y.; Xu, K. Degradation mechanism and influencing factors on
lithium-ion batteries. J. Beijing Univ. Aeronaut. Astronaut. 2023, 49, 1402–1413.

57. Uddin, K.; Dubarry, M.; Glick, M.B. The viability of vehicle-to-grid operations from a battery technology and policy perspective.
Energy Policy 2018, 113, 342–347. [CrossRef]

58. Ahmadian, A.; Sedghi, M.; Mohammadi-ivatloo, B.; Elkamel, A.; Golkar, M.A.; Fowler, M. Cost-benefit analysis of V2G
implementation in distribution networks considering PEVs battery degradation. IEEE Trans. Sustain. Energy 2017, 9, 961–970.
[CrossRef]

59. Bhoir, S.; Caliandro, P.; Brivio, C. Impact of V2G service provision on battery life. J. Energy Storage 2021, 44, 103178. [CrossRef]
60. Khalid, H.M.; Flitti, F.; Muyeen, S.M.; Elmoursi, M.S.; Tha’er, O.S.; Yu, X. Parameter estimation of vehicle batteries in V2G systems:

An exogenous function-based approach. IEEE Trans. Ind. Electron 2021, 69, 9535–9546. [CrossRef]
61. Zhou, R.F. Electric vehicle batteries, is secondary use before recycling superfluous? China Econ. Wkly. 2022, 13, 98–99.
62. Tan, Z.F.; Zhou, Z.Y.; Gao, S.K.; Cai, L.; Dai, N.N. Literature review of Vehicle-to-Grid application propress. J. Chongqing Univ.

Technol. Nat. Sci. 2023, 37, 222–229.
63. Hu, Z.; Kim, J.H.; Wang, J.; Byrne, J. Review of dynamic pricing programs in the US and Europe: Status quo and policy

recommendations. Renew. Sustain. Energy Rev. 2015, 42, 743–751. [CrossRef]
64. Chen, F.A.; Liu, Y. Blockchain-based V2G Certificateless Ring Signcryption Privacy Protection Scheme. Comput. Eng. 2023, 49,

34–41, 52.
65. Hu, B.J.; Zhang, X.J.; Li, Y.C.; Lai, R.X. Multifunction supported privacy protection data aggregation scheme for V2G network. J.

Commun. 2023, 44, 187–200.
66. Eiza, M.H.; Shi, Q.; Marnerides, A.K.; Owens, T.; Ni, Q. Efficient, secure, and privacy-preserving PMIPv6 protocol for V2G

networks. IEEE Trans. Veh. Technol. 2018, 68, 19–33. [CrossRef]
67. Aggarwal, S.; Kumar, N.; Gope, P. An efficient blockchain-based authentication scheme for energy-trading in V2G networks.

IEEE Trans. Ind. Inform. 2020, 17, 6971–6980. [CrossRef]
68. Shirazi, Y.A.; Sachs, D.L. Comments on “Measurement of power loss during electric vehicle charging and discharging” -Notable

findings for V2G economics. Energy 2018, 142, 1139–1141. [CrossRef]
69. Mojumder, M.R.H.; Ahmed Antara, F.; Hasanuzzaman, M.; Alamri, B.; Alsharef, M. Electric vehicle-to-grid (V2G) technologies:

Impact on the power grid and battery. Sustainability 2022, 14, 13856. [CrossRef]
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