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Abstract: Vehicle-to-grid (V2G) technology has received a lot of attention as a smart interconnection
solution between electric vehicles and the grid. This paper analyzes the relevant research progress
and hotpots of V2G by using CiteSpace 6.1.R6 software to construct a visualization graph, which
includes keyword co-occurrence, clustering, and burstiness, and further systematically summarizes
the main trends and key results of V2G research. First, the connection between electric vehicles
and the grid is outlined and the potential advantages of V2G technology are emphasized, such as
energy management, load balancing, and environmental sustainability. The important topics of
V2G, including renewable energy consumption, power dispatch, regulation and optimization of the
grid, and the smart grid, are discussed. This paper also emphasizes the positive impacts of V2G
technologies on the grid, including reduced carbon emissions, improved grid reliability, and the
support for renewable energy integration. Current and future challenges for V2G research, such as
standardization, policy support, and business models, are also considered. This review provides a
comprehensive perspective for scholars and practitioners in V2G research and contributes to a better
understanding of the current status and future trends of V2G technology.
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1. Introduction

Electric vehicles (EVs) are considered to be the cleanest form of transportation [1,2];
however, the popularization of EVs brings challenges, not only to the power grid but
also to our lifestyles. Vehicle-to-grid (V2G) technology, as shown in Figure 1, is a pivotal
component of the smart grid paradigm and has garnered significant attention in recent
years [3]. This technology enables EVs to obtain electricity from the grid; it stores renewable
energy, including wind [4], solar [5], and water [6], as mobile energy storage devices
and feeds back power to the grid when needed [7]. With the intensified global push
for sustainable energy solutions and the improvement in battery capacity and storage
efficiency of EVs [8], the integration of EVs with the grid has become increasingly crucial
as it can offer potential solutions to challenges such as grid stability [9], peak demand
management [10,11], and renewable energy integration [12].

The rapid evolution of V2G technology has led to a plethora of research endeavors
aiming to address its multifaceted challenges and harness its potential benefits [13]. From
technical intricacies related to grid integration and battery health to economic consider-
ations [14,15] and policy implications, the V2G research landscape is both diverse and
dynamic. Given the burgeoning interest and the vast scope of this field, a comprehensive
survey has become a pressing need; such a survey can encapsulate the current state of V2G
research, as well as highlight key findings, trends, and future directions.
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Figure 1. V2G service diagram.

As a popular bibliometric analysis tool, CiteSpace offers a robust mechanism to
statistically analyze the vast corpus of V2G literature. By leveraging CiteSpace, researchers
can gain insights into the most influential works, emerging trends, and potential research
gaps in the V2G domain. This paper aims to systematically review the V2G research
landscape and draw upon the statistical insights gleaned from CiteSpace to offer a roadmap
for researchers, policymakers, and industry stakeholders.

The object of this paper and its main results are as follows:

Firstly, the CiteSpace software is employed to conduct a visual analysis of the keywords
in the current published papers within the research field; the aim is to analyze the co-
occurrence relationship of each keyword in the papers from 2013 to 2023.

Secondly, clusters are formed by the keywords with strong relationships, representing the
research trends of V2G over the past decade. Then, by examining the inheritance relationships
of co-occurring keywords on the research timeline, a summary of past research achievements
is made, and the recent hot research directions of the last two years are identified.

Finally, based on the summary of the past research achievements, the prospects for
potential future research trends are provided.

2. Literature Search and Analysis

The literature analyzed in this paper is from the SCI-EXPANDED collection in the core
collection of the Web of Science. During the collections, the category of “articles” published
in English was sought by searching for the subject term “V2G” or “VEHICLE TO GRID”,
and a total of 2009 papers published from 2005 to 2023 were identified. Then, excluding
the review papers, 1768 papers published from 2013 to 2023 (retrieved on 3 August 2023)
were identified; they were distributed as shown below. Following the analytics, it can be
concluded that the research on V2G is in a rapid development stage and that the annual
number of articles is steadily growing, reflecting the continuous increase in the attention
given to this topic. The year-by-year distribution of these papers is shown in Figure 2.
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Figure 2. Annual trend of publications.

2.1. Keyword Visualization Analysis of V2G Literature

Keywords play a pivotal role in reflecting the essence and ideas presented within
the paper. Based on their prevalence, these keywords offer a viable means of discerning
the cutting-edge areas of research, the focal points of interest, and the trajectories of
growth within specific disciplines. Centrality serves as a crucial metric for evaluating the
significance of these keywords. If the centrality score of a particular node surpasses 0.1,
it signifies that the node holds a central position and exerts a substantial impact on the
pertinent research domains [16].

Based on screening and filtering, the keywords with the same meaning were merged by
recognizing the keywords of the documents in the database; ultimately, 294 keyword nodes and
1098 node links were obtained. CiteSpace was used to create a keyword co-occurrence matrix
and generated a keyword co-occurrence network. In this case, the color of the connecting line
between two nodes indicates the earliest time when these two keywords co-occurred; the size
of the node indicates how often it occurs, and the color of the centermost part of the node
indicates the earliest time when the keyword appeared, as shown in Figure 3.

Tables 1 and 2 showcase the results of our statistical analysis concerning keywords
with a substantial frequency, i.e., those which had more than 50 occurrences, and the
centrality of these keywords across 1768 pertinent research documents spanning the period
from 2013 to 2023. The Year in the header row is the time node in the literature when the
keyword was first mentioned in the cited literature. Among the high-frequency keywords,
those that emerged more than 50 times include terms like “electric vehicle”, “vehicle-to-grid
(v2g)”, “system”, “management”, “impact”, “optimization”, and “smart grid”. Conversely,
keywords with a centrality exceeding 0.1 comprised “hybrid”, “generation”, “design”,
“wind power”, “renewable energy”, “demand response”, “storage”, “cost”, and others.
From these findings, it is evident that these keywords serve as pivotal nodes within the
evolutionary trajectory of this interconnected body of research.

The clustering of keywords and the automatic labeling of clusters are important to
CiteSpace when identifying the main research topics related to V2G. Figure 4 illustrates the
clustering outcomes. According to the log-likelihood ratio (LLR) algorithm, the keywords in
the cited literature were clustered and analyzed to generate a keyword clustering diagram.
Within this network, it is important to consider two values: Q (modularity, indicating the
clustering module value) and S (silhouette, representing the cluster average contour value).
These values gauge the quality of the clustering grid. Typically, a Q value greater than
0.3 suggests a significant clustering structure, while an S value surpassing 0.5 indicates
a reasonable clustering. Moreover, when S exceeds 0.7, it signifies a clustering with high
credibility. In this paper’s clustering analysis, the obtained values are as follows: Q = 0.8411
(>0.3), affirming the significant clustering structure, and S = 0.9413 (>0.7), indicating the
high credibility of the clustering.
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Figure 3. Knowledge mapping for the keywords’ co-occurrence.

Table 1. Statistics of high-frequency keywords.

NO. Frequency Year Keywords NO. Frequency Year Keywords

1015 2013 electric vehicle 21 97 2014 storage

486 2013 vehicle-to-grid (v2g) 22 90 2013 generation

374 2013 system 23 90 2013 energy storage

233 2013 management 24 81 2013 battery

224 2013 optimization 25 77 2013 battery charger

223 2013 impact 26 71 2013 frequency regulation

215 2013 renewable energy 27 70 2013 wind power

202 2013 smart grid 28 69 2016 distribution network

174 2013 integrator 29 69 2016 technology

160 2013 strategy 30 68 2013 distribution system

149 2013 model 31 65 2013 vehicle

147 2013 demand 32 64 2013 algorithm

146 2013 power 33 63 2014 electric vehicle
charging

134 2013 plug-in electric vehicle 34 61 2013 power system

126 2013 operation 35 60 2013 network

125 2013 energy 36 58 2013 battery degradation

121 2013 design 37 56 2016 smart charging

120 2013 demand response 38 55 2013 capacity

118 2013 energy management 39 52 2013 cost

105 2014 charging station
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Table 2. Statistics of high-centrality keywords.

NO. Centrality Year Keywords NO. Centrality Year Keywords

0.39 2013 renewable energy 17 0.14 2014 stochastic modeling
0.34 2013 hybrid 18 0.13 2013 management
0.30 2013 generation 19 0.13 2013 impact

0.26 2013 design 20 0.13 2015 plug-in electric vehicle
0.24 2013 cost 21 0.13 2014 renewable generation
0.21 2013 optimization 22 0.12 2013 demand response
0.21 2013 smart grid 23 0.12 2013 implementation

0.21 2013 battery 24 0.11 2013 plug-in electric vehicle
0.17 2013 system 25 0.11 2013 algorithm

O 0N ONUT WN -

10 0.17 2014 storage 26 0.11 2013 battery degradation
11 0.16 2013 demand 27 0.11 2013 reactive power

12 0.16 2013 energy storage 28 0.10 2013 strategy

13 0.16 2013 cycle life 29 0.10 2013 energy storage system
14 0.15 2013 unit commitment 30 0.10 2014 photovoltaic system
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Figure 4. Analysis atlas of keyword clustering.

2.2. Time Distribution of Literature Retrieval

For a comprehensive portrayal of the evolution of V2G development and knowledge
clusters, Figure 5 presents a visual timeline analysis of the keyword clusters. The length
of the timeline represents the continuity of the clustering. As can be seen from the figure,
“state of charge” and “energy storage” in the clusters have been the focus of the scholars’
attention, and they have continued to be the focus to this day. “Demand side management”,
“frequency regulation”, and “distribution system” in the cluster-related studies ended
in 2022. Section 3 provides a specific analysis of the clusters in Figure 4.
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Table 3 displays the statistical data for the reference clusters, with the Silhouette (S)
values indicating the sound data clustering within these primary research fields. The
keywords have been organized into 12 distinct categories and labeled numerically from
0 to 12. The cluster names, in order, are #0 demand response, #1 demand-side management,
#2 state of charge, #3 battery degradation, #4 ancillary services, #5 distribution system,
#6 smart grid, #7 integrated on-board chargers, #8 frequency regulation, #9 vehicle-to-grid,
#10 plug-in electric vehicle, #11 energy storage, and #12 voltage control. Each cluster
comprises a collection of closely related keywords, with the smaller cluster numbers
indicating a higher number of keywords within that cluster. Table 3 provides an inventory
of the primary keywords within each cluster along with their respective frequencies.

#0 demand response

4
¢
*
&
4
'S
4

'S X 3 #1 demand side management
* <> L@ 2 3 ‘ ’ : 8 < - 9 #2 state of charge
. S ‘ y ‘ X ‘ g ’ i #3 battery degradation
o8 ) < <> O #4 ancillary services

#5 distribution system

‘ < 3o #6 smart grid
S

%

o #8 frequency regulation
o° o8¢ e . )
& o 29 #9 vehicle-to-grid
#10 plug-in electric vehicle

#11 gnergy storage

0 \w\c.\o“” #12 voltage control

%

Figure 5. The evolution view of the keywords’ co-occurrence network.

Table 3. The cluster data statistics of references.

Cluster Label (LLR) Size Silhouette = Mean Year Ranked Terms and Their Frequency

management (233); demand response (120); battery (81); algorithm (64);

demand response 27 0.864 2014 energy storage system (30); degradation (26); performance (10);

transport (7); power distribution (7);

renewable energy (215); design (121); hybrid (34); reactive power (28);
25 0.953 2014 power grid (27); demand-side management (26); real-time system (11);

power generation (7); load frequency control (7);

demand (147); storage (97); smart charging (56); state of charge (33);
state of charge 24 0.858 2016 photovoltaic system (30); grid-to-vehicle (g2v) (22); load modeling (14);
energy management system (13); challenge (8); vehicle dynamics (7);
energy (125); power system (61); battery degradation (58); capacity (55);
lithium ion battery (26);
impact (223); vehicle (65); network (60); coordination (47); distributed
power generation (45); ancillary service (42); station (24); charger (6);

demand-side
management

battery degradation 23 0.934 2013

ancillary services 22 0.976 2013
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Table 3. Cont.

Cluster Label (LLR) Size Silhouette  Mean Year Ranked Terms and Their Frequency
generation (90); distribution system (68); electric vehicle charging (63);
distribution system 20 0.895 2014 power quality (26); battery storage (10); plug-in hybrid vehicle (10);
Monte Carlo simulation (9); storage system (8);
smart grid 19 0.988 2014 system (374); smart grid (202); scheme (48); v2g network (20); peak
shaving (10); security (9);
integrated on-board charging station (105); battery charger (77); converter (24); DC-DC
17 0.941 2014
chargers converter (23);
power (146); frequency regulation (71); cost (52); service (40);
frequency regulation 16 0.936 2014 aggregator (11); model predictive control (8); drive vehicle (6);
electricity market (6);
e electric vehicle (1015); vehicle-to-grid (v2g) (486); optimization (224);
vehicle-to-grid 15 0.968 2014 model (149); implementation (9);
P lug‘;;rllﬁillzctrlc 14 0.978 2013 plug-in electric vehicle (134); load (43); uncertainty (15);
energy storage (90); wind power (70); microgrid (40); hybrid electric
energy storage 14 1 2014 vehicle (13); optimal operation (11); price (7); vehicle-to-grid (v2g)
scheduling (7);
voltage control (44); frequency control (32); plug-in electric vehicle (32);
voltage control 13 1 2015 dispatch (27); support (15); reliability (11); allocation (9); market (8);

voltage regulation (6);

Figure 6 illustrates the top 25 keywords with citation bursts. In this visualization,
the blue line represents the time intervals, and the red line marks the specific time points
when a keyword experienced a burst in citations [16,17]. The strongest keyword for a
citation explosion, “smart grid”, appeared in 2014, indicating the importance of the smart
construction of the grid in interconnecting vehicles to the grid. The most recent keywords,

"o

which appeared in the citation explosion in 2021, were “electric vehicle charging”, “voltage
control”, and “DC-DC converter”. In addition, “load modeling” continued into 2023.

Keywords

grid-to-vehicle (g2v)

scheme
hybrid
implementation

electric vehicle charging

uncertainty

hybrid electric vehicle

smart grid
frequency control
in electric vehicle
voltage control
v2g network
load

dc dc converter
voltage

energy storage system

state of charge
performance

load modeling
market

optimal operation
price

security

power system

Year Strength Begin End 2013 - 2023

2014
2018
2013
2013
2014
2015
2015
2013
2016
2015
2019
2015
2014
2021
2021
2013
2013
2017
2021
2015
2018
2014
2013
2013

demand side management 2013

5232014 2018 e
4652019 2023 s
4142013 2017 s
3.852013 2017 s
8.312020 2023 —
6.072015 2018 s
5262015 2018 s
12.06 2014 2016

8.412019 2021 o
8.07 2018 2020 o
7432021 2023 —

7.122017 2019 fu—
6.852014 20716

6.78 2021 2023 s
5.362021 2023 fr—
4.552018 2020, e
4.552019 2021, fm——
4252017 2019 "
4.122021 2023 f—
4.092015 2017 .
3.962018 2020 fr—
3.822014 20716
4362016 2017 ..
4.182017 2018, pa—
3.882014 2015 _um

Figure 6. Top 25 keywords with the strongest citation bursts.
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3. Keyword Analysis and Application Analysis of V2G

Many scholars have conducted in-depth studies on the potential problems that may
be encountered in V2G theory and applications. In this section, these research results
are summarized to facilitate the subsequent studies. In this section, a literature review
of the clusters appearing in Figure 5 is conducted, and as #0 demand-side response, #1
demand-side management, #4 ancillary services, and #7 integrated on-board chargers all
fall within the scope of the scheduling, they are combined in scheduling to review the
research progress. In addition, #5 distributed systems is also combined with renewable
energy. The cluster #3 battery degradation is not reviewed in detail due to the small
timespan. The relevant studies are summarized in Table S1 of Supplementary Materials.

3.1. Energy Storage, Renewable Energy Sources, and Scheduling
3.1.1. Energy Storage

Numerous scholars have conducted in-depth research on the planning and manage-
ment of V2G and energy storage. Electric vehicle batteries, because of their high capacity,
can be used as storage units to store excess power when the load on the grid is low and then
to release it when the demand peaks, thus ensuring the stable operation of the grid [18].

The combination of V2G technology and energy storage systems provides new oppor-
tunities to realize a more efficient, flexible, and reliable power system [19]. As an energy
storage medium, EV batteries can reduce investment and the construction of RE and station-
ary storage and minimize resource waste [20]; the introduction of smart battery technology
further facilitates the realization of V2G [21]. In terms of economics, battery recession
costs, electricity sales prices [22], and infrastructure costs [23] affect the ability of EVs to
provide short-term operational reserves to the grid as energy storage units [24]; however,
EVs still have the potential to service other facilities. For example, V2G can be embedded
as energy storage in homes and IES to provide energy for domestic and commercial centers,
which can reduce energy costs and improve the environmental benefits [25,26]. Sun et al.
investigated how the SOC of EV batteries affects the total cost of residential energy systems
that use EVs as part of the residential energy system. The results showed that the battery
aging cost is still an important factor affecting the willingness of EV users to discharge their
batteries [27]. By embedding V2G as energy storage in IES, Wei et al. allowed the two to
be coupled to maximize the economic and environmental benefits of IES [25]. Hipolito,
Vandet, and Rich estimated the energy storage potential of EVs and concluded that the
willingness of EV users to discharge their batteries increases significantly only when the
battery utilization is below 40% [28].

In summary, it is possible to regulate electricity prices to allow EVs to actively partici-
pate in energy storage, but if EVs are allowed to supply power to the grid, a reasonable
peak-to-valley electricity differential needs to be established to compensate for the cost of
battery depletion to increase the willingness of users to discharge their batteries.

3.1.2. Renewable Energy Sources

The high volatility of wind and light energy brings considerable challenges to grid-
connected power generation [29]. As V2G technology has a fast response time [30], a
flexible in-and-out mechanism, and an energy storage device that is relatively fixed, it does
not require additional investment and plays a unique and irreplaceable role in consuming
excess power from clean energy sources.

Many researchers have tried to consume these renewable energy sources with EVs.
Gao et al. integrated the wind power generators and EVs with V2G operation capability
in the distribution grid, formulated a mathematical model of V2G power control, and
deployed a dynamic power regulation for EVs [31]. Jin et al. presented a coordinated
control strategy for large-scale EVs, BESSs, and traditional FR resources involved in AGC
which could improve the frequency stability and facilitate the integration of renewable
energy [32]. Fattori, Anglani, and Muliere analyzed the impact of PVs and EVs on the grid
under different penetration scenarios, where V2G gains were not promising because the
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desynchronization of EV charging behavior with PV generation led to increased demand
for capacity that non-PVs had to provide, and at the time, battery costs were high in relation
to PV costs [11]. Fathabadi et al. analyzed the impact of power sources on the distribution
network; these sources include conventional generators (CPG), DG renewable energy
sources, and EVs. Experiments have demonstrated that the simultaneous use of CPG,
DG renewable energy sources, and charging/discharging EVs results in the lowest cost of
power production and the optimal voltage profile; thus, the lowest power loss is obtained
by utilizing both CPG and DG in the grid [33]. Haddadian et al. deployed EV fleets as
distributed storage and achieved their optimal coordination with wind energy. Studies
indicate that the method could cut the diurnal operation cost, lower the emissions, and
enable thorough consumption of forecasted wind with zero wind curtailment [34]. Uddin
et al. developed a battery degradation model and seamlessly integrated it into a smart grid
algorithm. This innovative approach demonstrated that linking an EV to this intelligent grid
system not only effectively addressed the power network’s demand with a greater infusion
of clean renewable energy but also, notably, extended the lifespan of the EV battery [35].
Robledo et al. introduced the results of a demonstration project, including building-
integrated photovoltaic (BIPV) solar panels, which indicated that FCEVs can integrate
transport and electricity sectors in a sustainable energy system [36]. Bhatti and Salam
considered daytime EV charging in an office parking lot by means of the PV grid system
and proposed a rule-based energy management scheme (REMS). This work can integrate
other RE sources such as wind, tidal, and biomass [37]. Sufyan et al. conducted an analysis
of the influence of system costs and energy losses across varying levels of RE integration,
EV capacities, and travel distances. Their simulation results clearly indicate a substantial
reduction in operational expenses when renewable energy sources (RESs) are seamlessly
integrated into the distribution network. Furthermore, the utilization of V2G technology
has proven to be advantageous for EV users, particularly in scenarios with a high level of
RES penetration [38]. Noorollahi et al. introduced a novel framework for an electric vehicle
aggregator and devised models for four distinct EV charging scenarios. Their approach
takes into account a wide array of renewable energy sources, including wind turbines,
solar PV panels, and geothermal units. They have implemented an energy scheduling
model to optimize these scenarios effectively [39]. Bartolini et al. conducted an analysis to
explore how a fleet of EVs can contribute to enhancing the self-consumption capacity of
a district, particularly in the context of a high and growing presence of non-controllable
renewable energy sources (RES), with a specific focus on PV systems. Furthermore, their
study delved into the consequences of both EVs and the extent of RES integration on the
district’s emissions of CO; [40]. Rahbari et al. proposed a method for planning the size
and siting of EV smart parking lots, considering RE consumption and using EVs as energy
storage devices, and they introduced an adaptive intelligent control strategy applicable
to V2G and G2V to reduce the system voltage deviation and power loss [12]. Shi et al.
used V2G techniques to stabilize the intermittency of renewable energy sources, where
the uncertainty of wind energy and the EV charging state are modeled using a robust
worst-case strategy [41]. Sangswang and Konghirun developed a scheduling strategy for a
home energy management system (HEMS) that integrates solar, energy storage, and V2G
functionality and optimizes the charging and discharging scheduling of electric vehicles
and home batteries using real-time pricing and emergency load shedding [42].
Researchers have proposed a variety of strategies and approaches, including dynamic
power tuning for EVs, coordinated control strategies, integration of energy systems, and
battery life extension, to achieve more efficient integration of renewable energy sources.

3.1.3. Scheduling

V2G scheduling is influenced by several key factors, including user anxiety about
mileage, the wear and condition of EV batteries [43], user revenue expectations, and the
geographic location of users. It is crucial to ensure that the power transfer from electric
vehicles to the grid is controlled and managed effectively.
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Wang and Wang investigated the impact of the number of networked EVs and the
characteristics of EV battery packs on grid peak and trough regulation [10]. Farzin, Fotuhi-
Firuzabad, and Moeini-Aghtaie considered the impact of EV battery wear on V2G schedul-
ing and developed a battery degradation cost model to accurately assess the economic cost
of V2G [44]. Huang, Yang, and Li introduced an option pricing model for price fluctua-
tions in transactions between EV users and the grid, and derived analytical relationships
between V2G reserve cooperation coefficients, trade deposits, and power contract prices in
equilibrium [45]. Erdogan, Erden, and Kisacikoglu proposed a two-stage V2G discharge
control scheme for peaking the grid; it determines the peak shaving and duration of V2G
services based on forecasted demand and EV mobility modeling and then dynamically
adjusts the EV discharge rate by considering the actual grid load and the grid-connected
EV characteristics [46]. Maeng et al. analyzed the effect of EV energy (hybrid or pure EV)
sources on EV users’ discharge preferences and investigated the effect of the EV remaining
power on the users’ willingness to discharge, which is similar to the effect of EV users’
mileage anxiety on the willingness to discharge [47]. Jiao et al. designed a model to study
the impact of EV users’ mileage anxiety on V2G scheduling, and the result shows that
EV users’ mileage anxiety can be mitigated by improving the average operating cost and
discharge power, which in turn affects the charge/discharge scheduling plan [48]. Wei, Yi,
and Yun used Q-learning to predict the power of wind turbines and proposed a reinforce-
ment learning-based approach for optimal energy management in smart grids to dissipate
RE while providing optimal power scheduling and reducing grid costs [49]. Wang, Gao,
and Tang created a lightning scale transformation model to describe the demand response
behavior of EV users in order to support load aggregators in making scheduling decisions.
The model enhances the initial unidirectional scale transformation approach, encompassing
the depth scale transformation mode and the generalized scale transformation mode, by
evolving it into a hybrid bidirectional method. This innovative approach facilitates concur-
rent and synergistic transformations of both spatial and temporal observation scales [50].
The energy scheduling does not occur solely between EVs and the grid; many studies have
delved into the inter-scheduling of various energy sources [36,51-54].

Overall, V2G scheduling will be smarter and more user-oriented in the future, focusing
on battery management, pricing strategies, and renewable energy integration to meet
evolving grid needs and to improve power system efficiency and reliability.

3.2. Frequency Regulation and Voltage Control

To facilitate grid functionality, the production and consumption of active and reactive
power should be constantly balanced to ensure that the amplitudes of frequency and voltage
are close to their rated values. Effective control of active power is attainable through the
regulation of system frequency, whereas the management of reactive power hinges on
the control of the system voltage. Therefore, frequency and voltage are important factors
in measuring the power quality of the grid. Achieving overall voltage and frequency
management through the V2G mode will go a step further towards active and reactive
power quality improvement.

3.2.1. Frequency Regulation

Frequency control is essential for power systems to maintain stable operation; it
involves the synergistic action of all the generators and loads in the power system and
can keep the grid frequency within the normal range. In this context, V2G technology has
emerged as a promising resource that can be used to assist in the frequency regulation of
power systems. EVs, when utilized as distributed storage devices, hold the potential to
offer frequency regulation services owing to their ability to swiftly adjust their charging
and discharging power.

Liu et al. proposed a V2G control strategy for EV aggregators based on frequency
regulation capacity (FRC) and expected V2G (EV2G) power; this control strategy can shift
the regulation task from the EV aggregator to the EV charging station to satisfy both the
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frequency regulation and the charging demand of the EV charging station [55]. Lam,
Leung, and Li designed a queuing network-based EV aggregation model that can be used
to estimate regulation-up and regulation-down capacity to help establish a regulation
contract between the aggregator and the grid operator [56]. Chen et al. proposed a
hierarchical V2G system communication architecture containing a smart V2G aggregator
(SVA), and they designed a multilevel online V2G (MLOV) algorithm for hierarchical V2G
scheduling to achieve a balance between service quality and computation time [57]. Wang,
Wang, and Liu proposed a dynamic scheduling strategy for V2G frequency regulation
capacity based on deep Q-learning to evaluate the hourly regulation capacity in real
time for maximizing the revenue of frequency regulation services provided by battery
swapping stations [58]. Alfaverh, Denai, and Sun scheduled EV battery charging and
discharging using the deep deterministic policy gradient (DDPG) to meet driving needs
and to participate in frequency regulation, as well as to meet the driving needs of car
owners and the interests of aggregators [59].

Frequency regulation of the grid by V2G is related to the state of EVs, the charging
demand, and the changing grid frequency, which requires understanding the state of EVs
on the grid; however, accessing these states involves issues such as communication security,
user privacy security and control security between the information network and the energy
network [60].

3.2.2. Voltage Control

Voltage control is one of the key elements in the stable operation of power systems,
and large generators and transformers are conventional means of controlling voltage.
However, the operation and control of power systems have become more complex with the
popularization of distributed energy resources [61,62].

In this context, V2G technology offers new possibilities for voltage control. With V2G,
EVs can act as distributed energy storage devices to provide the necessary reactive power
support to the grid [63], thus helping to maintain voltage stability [64]. Garcia-Villalobos
et al. solved voltage problems and load balancing issues in low-voltage distribution
networks by optimizing the charging behavior of PEVs. This was conducted by executing
intelligent charging algorithms through the processor unit built into the PEV and by
developing an optimal charging strategy based on factors such as the price of electricity and
battery life [65]. This article proposes an intelligent sag control method that is independent
of line parameters, and it devises a new strategy to enable PHEVs to participate in voltage
and frequency control of islanded microgrids (MGs) without a communication link, thus
maintaining MG stability more efficiently [66]. Huang proposed a day-ahead optimal
control model based on three-phase power flow and sensitivity methods that could solve
the overrun voltage problem and mitigate the neutral potential rise, thus improving the
voltage regulation of residential grids [67]. Nimalsiri et al. introduced a network-aware
EV charging and discharging scheduling approach known as N-EVC(D). This method is
designed to efficiently coordinate the charging and discharging of EVs within a distributed
network, with the primary objectives of reducing operational costs and ensuring the
stability of the supply voltage [68].

In conclusion, V2G technology is driving advancements in voltage control for power
systems and harnessing EVs as dynamic energy resources. These developments are ex-
pected to enhance voltage stability and regulation, particularly as distributed energy
resources become more prevalent. Researchers are focusing on intelligent algorithms and
strategies to optimize voltage control through V2G for a more resilient and reliable power
grid in the future.
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3.3. Smart Grid and Communication Networks
3.3.1. Smart Grid

As with the application of V2G and smart grid technology [69], EV grid technology is
an important part of “smart grid technology” in the solving of the problems related to the
large-scale development of EVs brought about by the grid load pressure [70]. Moreover,
EVs, as mobile distributed energy storage units, are connected to the power grid for peak
shaving, valley filling, and rotating standby in order to improve the flexibility of the power
supply and the reliability and efficiency of energy utilization and to slow down investment
in power grid construction.

Waraich et al. proposed an agent-based transport simulation framework tailored for
PHEVs. Furthermore, they expanded the framework to encompass V2G capabilities and
decentralized smart grid functionalities [71]. In a separate study, Jian et al. explored the
concept of a household smart microgrid. They investigated how to potentially reduce
load variance within the household microgrid by adjusting the charging patterns of family
PHEVs. Their findings revealed a significant reduction in the variance of load power when
such regulations were implemented [72]. Kennel, Goerges, and Liu proposed an energy
management system designed for smart grids. This system incorporates load frequency
control (LFC), economic efficiency optimization, and the integration of electric vehicles
through a HiMPC approach. The simulation findings underscore the fact that electric
vehicles can play a significant role in mitigating fluctuations in renewable energy generation,
thereby contributing to grid stability [60]. Vachirasricirikul and Ngamroo presented the
new coordinated V2G control and frequency controller for robust LFC in the smart grid
system with wind power penetration. The simulation results clearly showcase the resilience
and effectiveness of the suggested V2G control strategy and proportional-integral (PI)
controllers in LFC, even when subjected to altered system parameters and diverse operating
conditions [53]. Morais et al. considered the evaluation of the EV impact on the power
demand curve under a smart grid environment and further addressed the impact of EVs
on system operation costs and on the power demand curve for a distribution network with
the deep penetration of distributed generation (DG) units [73]. In another study by Jian
et al., they discussed a V2G implementation scenario within regional smart grids. They
introduced a double-layer optimal charging (DLOC) strategy to address the computational
challenges posed by large-scale PEVs and charging stations [74]. Liang and Zhuang believe
that the forthcoming smart grid is anticipated to take the form of an interconnected network
comprising small-scale, self-sustained microgrids. They also provided an overview of the
latest advancements in stochastic modeling and optimization tools which was aimed at
facilitating the planning, operation, and control of these microgrids [75].

The integration of EVs and smart grid technology continues to evolve, and numerous
studies have been conducted to explore the potential benefits and challenges of this inte-
gration. These studies encompass various aspects, from enhancing the self-consumption
of PV power to the development of comprehensive battery degradation models. Van der
Kam and van Sark presented a model designed to investigate the augmentation of the
self-consumption of PV power through the utilization of smart charging EVs with smart
grid technology. The outcomes of their study conspicuously illustrate the advantages of
employing smart charging and V2G technologies within a microgrid context [5]. Lopez et al.
proposed an optimization-driven model for executing load shifting within the framework
of smart grids. They presented findings based on a test system derived from the IEEE
37-bus distribution grid. These results not only demonstrate the efficacy of their approach
but also highlight the impact of hourly energy prices on the smoothing out of the load
curve [76]. Xing et al. concentrated on acquiring load shifting services through the optimal
scheduling of PEVs for charging and discharging within smart grids, adopting a decentral-
ized approach. Their research culminated in the development of a decentralized algorithm
rooted in iterative water-filling techniques [77]. Soares et al. presented a decision-making
framework designed to aid virtual power plants (VPPs) in the management of smart grids
characterized by a substantial presence of sensitive electricity loads. They further devised a
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two-stage optimization algorithm, leveraging the weighted sum methodology, to facilitate
this management process [78]. Uddin et al. developed a comprehensive battery degrada-
tion model based on long-term ageing data and integrated a comprehensive battery ageing
model into a smart grid algorithm. The result demonstrated that linking an EV to this smart
grid system can effectively meet the power network’s demand, particularly as the proportion of
clean renewable energy in the system increases [79]. Dileep gave an overview of the evolution
of the smart grid and explained various smart grid technologies, like smart meters, smart
sensors, V2G, and PHEV, and their application in the smart grid [35]. The integration of
EVs and smart grid technology holds significant promise for the future of sustainable energy.
Through various models, algorithms, and frameworks, researchers are paving the way for a
more efficient, reliable, and environmentally friendly power grid system.

Ambiguous definitions of smart grids, or technologically oriented definitions, often
lead to the ignoring of the differences between the smart grid concepts and to the overlook-
ing of the important aspects for the customers that implement them. For the time being,
most of the research on smart grids has focused on distributed smart grids and less on
centralized grids or centralized-decentralized connections.

3.3.2. Communication Networks

The integration of communication networks with battery-operated vehicles and the
electrical grid is a transformative step in the evolution of energy systems. This integration
streamlines the coordination of the electric load, but it introduces challenges, especially
with regard to security and privacy.

Communication networks bridge the gap between user battery-operated vehicles and
the electrical grid, enhance the coordination of electric loads, and improve energy efficiency
and reliability. Zhang et al. discussed the V2G network architecture and described the
different security challenges during V2G power and communication interactions. A new
context-aware authentication solution was also proposed for this problem [80]. Saxena et al.
described the challenges of the security and privacy in smart V2G networks and proposed
a cybersecurity architecture that attempted to address the problem; this architecture en-
compassed anonymous authentication, blind signatures, fine-grained access control, and
payment system security [81]. Tao et al. proposed a hybrid computing model based on fog
and cloud computing for V2G networks in 5G networks. This hybrid computing model can
respond more flexibly and in a more timely manner to EV mobility; it can provide auxiliary
power services for renewable energy sources in V2G systems, as well as manage and
monitor power usage [82]. A privacy-friendly and efficient secure communication (PESC)
framework was proposed by He, Chan, and Guizani [83]. It used group signatures and
public key cryptography for access control from each EV to the aggregator and established
shared keys (with the Diffie-Hellman key exchange algorithm), which could reduce the
communication and computation overhead while ensuring privacy and security. Ahmed
et al. designed a signature-encrypted, privacy-preserving authentication key agreement
scheme that enables all participants to verify each other; it uses a one-way hash function to
improve verification efficiency [84]. Umoren, Shakir, and Tabassum proposed a strategy
to balance the efficiency of both spectral considerations and cost by expressing resource
efficiency as a weighting factor, which improved the efficiency of V2G wireless commu-
nication networks [85]. Pokhrel and Hossain developed a novel, adaptive demand-side
energy management framework for the wireless charging of V2G systems that employed
privacy-preserving techniques based on federated learning [86]. Hossain, Pokhrel, and
Vu proposed a demand-side energy management approach based on reinforcement learn-
ing using rechargeable batteries for V2G cost-friendly privacy, efficient scheduling, and
accurate billing [87].

In summary, the communication network of the future V2G should focus on reliability,
security, scalability, interoperability, energy efficiency, and environmental friendliness in
order to promote the development and application of V2G technology.
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4. Discussions
4.1. Knowledge Framework

In this paper, we discuss the emerging trend of focus topics in V2G from the perspec-
tives of literature co-citation and keyword co-occurrence.

First, we mapped the keyword co-occurrence network in Section 2 based on the
retrieval data to analyze the centrality and frequency of the keywords; it can be seen
that even without high frequency, some keywords, such as “reactive power” and “unit
commitment”, still have high centrality and huge influences. Secondly, we clustered the
centrality of the keywords and obtained a keyword clustering diagram, as shown in Figure 4,
where the guiding line indicates the order of keyword appearance. From these visualization
results, it can be seen that V2G has a wide range of applications in many scenarios, such
as frequency regulation, spinning reserve, and peak—valley regulation, which alleviates
the pressure on the grid, reduces carbon emissions, and reduces the investment into the
construction of energy storage. Additionally, for EV users it can also reduce the charging
and discharging expense and help with low buying and high selling, which creates an
extensive income and reduces the cost of EV utilization.

Finally, based on the clustering network in Section 2, we established a keyword co-
occurrence network from the perspective of the timeline to analyze the emergence and
development trend of keywords, and we arranged the important literature on the timeline
in Section 3. From the distribution of major clusters along the timeline in Figure 5, it can be
seen that energy storage and SOC have been long-term research topics in the V2G field.
As shown in Figure 6, the keywords that exploded in recent years include scheduling,
voltage control, DC-DC converter [88], load modeling [89], etc., which indicates that the
theoretical validation of V2G has been basically perfected and that researchers have paid
more attention to the technological challenges encountered in the implementation stage
of V2G. It is mainly limited by the technology in terms of battery degradation as well as
the communication and scheduling between the EV user side and the power grid side. In
addition, V2G involves a number of stakeholders, such as power generation, transmission,
distribution, charging pile operation, individual vehicle owners, etc. It is difficult to
coordinate the resources of all the parties; in addition, there is no unified standard for the
battery industry that may constrain the development.

4.2. Future Research Trends

Given the above research progress, subsequent research can be carried out to consider
the following aspects: In the field of energy storage and dispatching, it is necessary to
improve the prediction accuracy of wind power and photovoltaic power; frequent charging
and discharging processes may shorten the lifespan of EV batteries. Thus, enhancing
consumption capacity and strengthening battery lifecycle management to minimize battery
wear and reduce maintenance costs are required. In addition, since the vehicle power
exchange mode has almost the same replenishment time and experience as traditional fuel
vehicles, with the promotion of the power exchange mode the VS2G (power exchange
vehicle, battery swapping station, and power grid in one), upgraded from V2G, will give
more benefits to the power grid, users, and operators. Through the “power exchange +
energy storage” mode, the management of the entire lifecycle application of the battery can
achieve the value of the bidirectional energy interaction of the “vehicle-station-network”
and contribute to the practice of orderly power consumption in the power grid. It is also
possible to enable operators to achieve “share energy exchange” and “exchange power”
through “shared power exchange”. “Shared power exchange” allows operating vehicles
and private cars to give full play to the value of the battery cycle times; moreover, it allows
the battery to become an energy storage carrier so that it can continue to play a valuable
role after the cycle time value of the battery has been played out and the battery has been
withdrawn from the operation at the vehicle end.

In the area of intelligent charging and discharging control for electric vehicles, it
is crucial to improve the accuracy of energy demand and load forecasting and develop
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scheduling strategies for orderly charging and discharging. EV charging facilities are an
important part of microgrids and future smart grids and include physical charging facilities
(connectors and meters), billing, scheduling, smart charging during off-peak hours, or other
intelligent functions for PV power storage during low-demand hours.

In terms of data security and privacy protection, it is necessary to prevent data leak-
age or misuse by focusing on data encryption and authentication technologies to ensure
data security and to explore the application of blockchain and other distributed ledger
technologies in the V2G system to improve data traceability and transparency and enhance
user confidence. In terms of market mechanisms and business models, a trading strategy
is established for charging stations and new energy vehicle users to fully participate in
electricity spot trading, green electricity trading, and auxiliary service markets.

5. Conclusions

In this paper, the research results in the fields of EV charging and V2G are summarized
and discussed in terms of both the status of EVs and future research trends to provide a
comprehensive understanding of this field.

First, many scholars have analyzed the economics of V2G for EVs. With the continuous
advancement of battery technology and price reduction, the market share of EVs has been
expanding, which creates more opportunities for the implementation of V2G technology,
and the considerable and dispatchable battery capacity of EVs makes them powerful
participants in the power grid.

Secondly, this paper summarizes the research progress of V2G technology in energy
management and grid stability. The V2G technology is intertwined with the fields of the
smart grid, energy storage, and the integration of distributed energy resources. It is a
good way to consume renewable energy resources such as wind, solar, and hydro power
in order to cope with the problem of insufficient energy reserves, achieve load balancing,
and improve the resilience of the power grid. However, V2G scheduling cannot accurately
obtain the dispatchable battery capacity due to the spatial and temporal distribution of
EVs, which are closely related to the SOC.

In addition, the solutions to the deep-seated problems, such as the deep impact of large-
scale vehicle-network interaction on the grid, the aggregator transaction and profit model,
and the user incentive mechanism, have not yet formed a mature technical framework
system. Because V2G scheduling and reasonable aggregator management are crucial for
the large-scale integration of renewable energy and emergency response, research on this
model in the future is still urgent.
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