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Abstract: As a result of fossil fuel prices and the associated environmental issues, electric vehicles
(EVs) have become a substitute for fossil-fueled vehicles. Their use is expected to grow significantly
in a short period of time. However, the widespread use of EVs and their large-scale integration
into the power system will pose numerous operational and technical challenges. To avoid these
issues, it is essential to manage the charging and discharging of EVs. EVs may also be considered
sources of dispersed energy storage and used to increase the network’s operation and efficiency with
reasonable charge and discharge management. This paper aims to provide a comprehensive and
updated review of control structures of EVs in charging stations, objectives of EV management in
power systems, and optimization methodologies for charge and discharge management of EVs in
energy systems. The goals that can be accomplished with efficient charge and discharge management
of EVs are divided into three groups in this paper (network activity, economic, and environmental
goals) and analyzed in detail. Additionally, the biggest obstacles that EVs face when participating in
vehicle-to-grid (V2G) applications are examined in this paper.

Keywords: transportation electrification; electric vehicles (EVs); EV charging/discharging management;
EV optimization methodologies; EV charge/discharge control structures

1. Introduction

The transportation sector is one of the most critical energy consumers globally, ac-
counting for roughly one-third of the total energy consumption [1]. Furthermore, the new
transportation system, based on the internal combustion engine (ICE), is the leading source
of air pollution and greenhouse gas emissions. Electrification of the transportation system
has gained a lot of attention in recent years for minimizing these negative effects and
decreasing the reliance on fossil fuels. In this regard, research on electric vehicles (EV) as
a safe alternative has found a particular position [2]. From one viewpoint, the development
of EVs has been slow due to high costs and a shortage of charging stations. As a result,
most countries have implemented policies and legislation to address these obstacles and
increase the use of EVs on a large scale. According to the International Energy Agency,
there will be 130 million EVs on the road worldwide by 2030 [3].

As the number of EVs on the road grows, controlling their charging and discharging
will become increasingly difficult in a short period of time. Uncoordinated EV integra-
tion into the network may cause issues with the power system’s control, management,
and operation and jeopardize its stability by making a new peak demand for the power
system [1,2]. As a result, numerous studies have been conducted to date to manage EVs’
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charging and discharging for optimum network integration, and this topic continues to
attract researchers’ attention. Coordination of charging and discharging minimizes the
detrimental impact of EVs on the grid and may help to increase the system’s efficiency
in various ways. EVs can be used to provide several services to power systems, such as
frequency control [4], voltage control [5], peak load management [6], load profile valley
filling [7], and reducing power losses in the system [8], by considering them as distributed
storage sources and using their vehicle-to-grid (V2G) capacity. In addition to earning
revenue, EVs can effectively promote the use of renewable energy sources in the power
grid by charging during off-peak periods when the renewable energy output is high and
discharging during peak hours [9].

On the other hand, by managing the charging and discharging of EVs, it is possible
to prevent the overload of transformers and transmission lines so that premature aging of
equipment in the network does not occur [10]. In critical circumstances, the capacity of the
EV charging station can also be used to increase the network’s stability and recover essential
loads [11]. Another benefit that can be gained by smart EV charging and discharging is an
improvement in the efficiency of distribution networks [12].

EV charging and discharging techniques and modeling approaches for optimum grid
integration have been analyzed in several publications. In [13], EVs’ services to power
distribution networks are examined. Uncontrolled charging modes, unidirectional V2G,
and bidirectional V2G are discussed and compared in [14], where the authors also studied
centralized and decentralized programming methods for V2G implementation. Addi-
tionally, mathematical models of the EV charge and discharge management problem are
investigated in this study by focusing on the objective functions, constraints, and optimiza-
tion methods. In [15], EV charge and discharge management algorithms are divided into
centralized and decentralized categories, and EV services in the power grid are classified
in terms of operational and economic goals. Additionally, this study discussed the un-
certainties related to EV charging and discharging optimization problems. The authors
in [16] described EV charging strategies and their effects and divided EV charging control
methods into centralized and decentralized categories similar to [14]. This study also exam-
ined various EV load modeling techniques to deal with uncertainties. In [17], the authors
categorized EV-related studies based on the time of publication and the impact of EVs
on the distribution network. In [18], the capabilities and challenges of EVs to support
network, residential, and business buildings are examined, and, accordingly, EV services
are divided into three categories, including V2G, V2H, and V2B. EV charging schemes
were divided into four categories, including uncontrolled charging, indirect control, smart
charging, and bidirectional charging in [19], where the features and capabilities of each
of these schemes were examined. On the other hand, an aggregation of EVs is usually
handled by an aggregator since the power of an individual EV is insufficient to provide
ancillary services and market services. As a result, the authors in [20] classified EV smart
charging and discharging methods from the perspective of the EV aggregator by taking
into account the relationship between the EV aggregator and the EV driver, DSO, TSO,
and renewable energy supplier. This study also introduced battery dynamics modeling, EV
driving patterns, charging standards, and mathematical modeling and optimization meth-
ods for different control strategies. In this study, the standards associated with charging and
communications of EVs are investigated as well. In [21–23], EV charging technologies and
their various standards were stated, EV effects were divided into three categories (economic,
environmental, and grid effects), and each category was investigated. Additionally, in [22],
the opportunities attained through the deployment of EVs to smart grids and different
power train configurations, novel battery technologies, and various EV charger converter
topologies are investigated.

Furthermore, the authors in [23] divided EV charging systems into three categories,
including touch charging, induction charging, and battery swapping charging, and stud-
ied the best locations and calculations for EV charging stations. The authors of [24,25]
also discussed various EV charge and discharge management objectives and techniques
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and existing optimization methods for solving the EV charge and discharge problem.
The authors of [26] classified the benefits, resources, and difficulties of V2G and the goals,
limitations, and optimization methods of V2G algorithms.

In [27], a comprehensive review of consumer EV adoption and theoretical and empiri-
cal insights for research, policy, and practice is performed in line with exploring the limits of
the literature and identifying research gaps for future works in this area. The authors in [28]
focused on providing an updated review of the operation process of different EV types as
well as batteries and supercapacitors as possible solutions for increasing the energy capacity
of PHEVs. Technological aspects of various elements of EVs and expectations for the critical
progress in this area are investigated in [29], which also studied the techno-economic chal-
lenges of developing EVs. A novel viewpoint in a review of EV-related projects in terms of
dealership experiences, the resiliency of EV charging systems, and marketing strategies is
presented in [30], which also concentrated on the development of charging infrastructure,
the whole ownership cost, and purchase-based incentive policies. A review of power net-
works’ power flow with photovoltaic sources and EV charging is presented in [31], where
probability distribution approaches, correlation methods, and computations of load flow for
such hybrid energy systems are discussed. The authors reviewed various charge–discharge
control challenges for EVs considering system performance in [32], where a novel method
for multistage hierarchical controlled charge–discharge is highlighted, and challenges for
applications of EVs from an aggregator’s viewpoint are investigated. Examining the review
papers on EVs, various aspects of EV integration into energy systems have been considered
so far, and different categories have been introduced for EV charging and discharging
strategies. Still, the lack of a comprehensive classification that covers other EV charging
goals and discharge management strategies is observable. Apart from the analyzed review
papers in the EV area, the current study aims at providing a comprehensive review of
charge/discharge management of EVs in the power system with an overview of charging
methods, control structures, objectives, and optimization methods. Therefore, firstly, the
types of EV battery charging methods and their control structures in the power grid are ex-
amined, and then a comprehensive classification of EV charge and discharge management
strategies according to their goals is presented. Hence, the goals that can be achieved with
the optimal management of the charging and discharging of EVs are divided into three
categories: network operation, economic, and environmental goals, which are investigated
in detail. Existing optimization methods for solving mathematical EV models are also
evaluated in this paper to explore all aspects of the charge and discharge management of
EVs in energy systems. Table 1 shows the differences between the presented review and
old reviews in this field.

Table 1. Differences between this review paper and old reviews.

Reference
Charging Method Control Structures

Optimization Goals Mathematical
Modeling

Battery
Degrada-

tion
Eco

Env
GOI

CC IC BS C D H EVO EVA DSO AP RP REI OF Con SM

[13] - - - � � - - - - - � � � � - � �

[14] � - - � � - � � - � � - - � � � �

[15] � - - � � � � � � - � � - � - � �

[16] � - - � � - � - � � � � � - - - �

[17] - - - - - - � - � � � - � - - - �

[18] � - - - - - - - - � � - � - - - �

[19] � - � - - - � � � - � � � - - � �

[20] � - - � � - � - - - � � � - - � �

[21] � - � - - - � - � � � � � - - - �

[22] � - - - - - � - � � � � � - - - �
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Table 1. Cont.

Reference
Charging Method Control Structures

Optimization Goals Mathematical
Modeling

Battery
Degrada-

tion
Eco

Env
GOI

CC IC BS C D H EVO EVA DSO AP RP REI OF Con SM

[23] � � � - - - � - � � � - � - - - -

[24] - - - - - - � � � � � - - - � � �

[25] - - - � � � � � � � � - � - - � -

[26] - - - - - - � - � � � � � � � � �

[29] � � � - - - - - - � � - - - - - �

[32] - - - � � � � - � - � � - - - � -

This
paper � � � � � � � � � � � � � � - � �

Eco, Economic; Env, Environmental; GOI, Grid Operation Improvement; CC, Conductive Charging; IC, Inductive
Charging; BS, Battery Swapping; C, Centralized; D, Decentralized; H, Hierarchical; EVO, Electric Vehicle Owner’s
perspective; EVA, Electric Vehicle Aggregator’s perspective; DSO, Distribution System Operator’s perspective;
AP, Active Power support; RP, Reactive Power support; REI, Renewable Energy Integration support; OF, Objective
Function; Con, Constraints; SM, Solution Methods.

The remainder of this study is structured as follows. EV battery charging methods are
discussed in Section 2. In Section 3, control systems for EV charge and discharge manage-
ment are assessed. Section 4 introduces a systematic classification system for EV charge
and discharge management strategies based on their goals as well as the optimization
techniques used in different studies. The complexities of incorporating EVs into the power
grid are discussed in Section 5, and a discussion of the results and recommendations for
the future are given in Section 6. Finally, Section 7 provides conclusions and suggestions
for future studies.

2. Methodologies for Charging EV Batteries in the Power System

Generally, EVs that need to be charged from the power grid can be divided into two
categories: battery EVs (BEVs) and plug-in hybrid vehicles (PHEVs) [14]. BEVs use only
the electrical energy stored in the battery for propulsion, while PHEVs can also use fossil
fuels. Hence, BEVs have batteries with a higher capacity than PHEVs [1,14]. In this article,
‘EV’ refers to these two types of EVs. In general, EV battery charging methods can be
divided into conductive, inductive, and battery swapping methods [33]. In this section,
these three charging methods are introduced, but since conductive charging is used to
charge EV batteries in most practical applications, the characteristics and effects of this type
of charging are considered from different perspectives in this article.

2.1. Conductive Charging

Conductive charging refers to how a direct physical connection charges the EV from
the power grid. In conductive charging, two types of chargers can be used to charge EVs:
on-board and off-board chargers. An on-board charger is mounted on the EV itself and does
not require additional equipment to connect to the grid, so the EV can be charged anywhere
by plugging in an electrical outlet. However, this type of charger has a low power transfer
capability, and, therefore, in this method, the EV charging operation takes longer. However,
off-board chargers are not part of the EV formation and are usually installed in commercial
parking lots, highways, or fast-charging stations [34,35]. Since off-board chargers charge
EVs with a higher power, the waiting time for charging is reduced. However, these chargers
are not available in all places and are more expensive and complex [33,34].

The Society for Automatic Engineers (SAE) has defined a standard for different EV
charging levels [36]. This standard defines three charge levels for each AC and DC charge.
A summary of these charge levels is given in Table 2.
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Table 2. The SAE standard for AC and DC charging of EVs in a power grid [35].

Different Power Levels Charger Location Typical Implementation Place The Expected Power Level (KW)

Level 1: Convenient
Vac: 230 (EU)
Vac: 120 (US)

1 phase on-board Office and Home Power: 1.4 (12A)
Power: 1.9 (20A)

Level 2: Main
Vac: 400 (EU)
Vac: 240 (US)

1 phase/3 phase on-board Public and Private
Power: 4 (17A)
Power: 8 (32A)

Power: 19.2 (80A)

Level 3: Fast
Vac: 208–600 3 phase off-board Commercial Power: 50

Power: 100

DC Power Level 1:
Vdc: 200–450 Off-board Private Power: 40 (80A)

DC Power Level 2:
Vdc: 200–450 Off-board Private Power: 90 (200A)

DC Power Level 3:
Vdc: 200–600 Off-board Private Power: 240 (400A)

2.2. Inductive Charging

In the inductive charging method, which is also called wireless charging, there is
no need for a physical connection between the EV and the power grid, and the power
transmission is done using an electromagnetic field. One of the advantages of inductive
charging is reducing the risk of electric shocks and related damages due to the power
transmission through the air gap; but, on the other hand, due to the relatively large
air gap and non-compliance of the windings, the charging efficiency decreases in this
case [30,33]. In general, inductive charging can be implemented in both static and dynamic
ways. As shown in Figure 1, the EV remains stationary during the charging process
in the static mode. However, the EV can also be charged while moving in dynamic
charging mode. Therefore, according to Figure 2, by creating special paths for inductive
charging from the road floor on highways, the EV driving range could be increased, and the
size of the EV’s battery may be reduced due to the ability to charge it while moving.
Additionally, since a significant portion of an EV’s price is due to its battery, dynamic
inductive charging will help reduce the initial EV price [33,34]. As a result, dynamic
inductive charging will balance many of the barriers seen by users, such as a limited
driving range, a long charging time, and higher EV prices compared with conventional
internal combustion engine vehicles [37,38]. Hence, the benefits of this charging method
have attracted the attention of many researchers. However, high investment costs are one
of the main challenges in developing the dynamic inductive charging method [33].
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2.3. Battery Swapping

Battery swapping is one of the fastest ways to receive a fully charged battery for an
EV. In this method, the EV’s owner replaces the discharged battery with a newly charged
battery at a battery swapping station [39]. This method significantly reduces the charging
time for the EV’s owner and benefits the battery swapping station by managing charging,
discharging, and battery swapping [40]. Additionally, by optimal charge and discharge
management of batteries at the battery swapping station, it is possible to improve the
operation and overall efficiency of the power grid [41,42]. In [41], a battery charging
schedule for a battery swapping station is proposed to flatten the voltage profile and
release the network capacity. Additionally, in [42], the battery swapping behavior of EVs
in swapping stations is optimized, which is a useful method for reducing the difference
between peak and valley loads and further integration of renewable energy sources in the
power grid. On the other hand, there are challenges for the battery swapping method,
including the fact that the battery belongs to its manufacturer, the battery has its own
characteristics and compatibility, and it is difficult to find a similar battery. In addition,
the design of the battery should be such that it can be easily detached from the EV and
replaced with a newly charged battery. Additionally, the infrastructure required for this
charging method is more complex and expensive than other methods. Another issue is
battery ownership, where one option is that the EV’s owner buys an extra battery to use
when the main battery is discharged to support it, which in turn increases the EV owner’s
cost. In the other case, the EV’s owner has no extra battery, the charging station owns the
battery, and the EV’s owner must pay the battery’s owner to rent the battery in addition to
paying for the charge [33,39].

Table 3 compares the conductive charging, inductive charging, and battery swapping
methods from different perspectives.

Table 3. Comparison between the conductive charging, inductive charging, and battery swapping
methods.

Feature Conductive Charging
Inductive Charging

Battery Swapping
Static Dynamic

Charging duration
Depending on power
levels but relatively

high
High Does not matter due to

charging in motion Very low

Charging efficiency High Lower than CC and BS Lower than CC and BS High

Infrastructure required
Depending on charging

power levels but
relatively low

High Very high Very high

Required battery size High High Lower than the other
methods High

Range anxiety Depending on the state
of charge of the battery

Depending on the state
of charge of the battery

Lower than the other
methods due to

charging in motion

Depending on the state
of charge of the battery
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Table 3. Cont.

Feature Conductive Charging
Inductive Charging

Battery Swapping
Static Dynamic

Battery ownership EV’s owner owns
the battery

EV’s owner owns
the battery

EV’s owner owns
the battery

Either the EV’s owner
or the charging station

owns the battery

Risk of electric shock possible Safer than CC and BS Safer than CC and BS possible

CC, Conductive Charging; BS, Battery Swapping.

Because the conductive charging method is currently used more in practical applica-
tions than the other two methods, the features and characteristics of this type of charging
method are discussed in next section of the paper, and the purpose of charging EVs in the
remainder of this article is based on the conductive charging approach.

3. EV Charge and Discharge Control Structures in the Power System

As shown in Figure 3, due to the limited capacity of each EV, the power exchange
between EVs and the power grid is usually done through aggregators. On the other
hand, aggregators can directly or indirectly control the charging and discharging of EVs.
In general, according to the control structure, EV charge and discharge management in the
power grid can be implemented using three types of methods: centralized, decentralized,
and hierarchical methods. The following is a comparison of these three types of methods
from different perspectives.
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3.1. Centralized Control Structure

In a centralized control structure, aggregators typically manage and control EVs’
charging and discharging behavior directly, and EV owners waive their authority to control
EV charging and discharging. In this scheme, aggregators first aggregate the information
and charging requirements of each EV. Depending on the network situation and based
on a specific purpose, the aggregator determines EVs’ charge or discharge rate for each
time. Finally, the aggregator sends the control signal to the installed controller on the
charger of each EV to optimize the charging or discharging rate of the EV. Since all the
system information is collected in the aggregator, the aggregator can achieve the optimal
global solution within the centralized control framework and provide various ancillary
services to the grid. On the other hand, this method suffers from several challenges and
limitations. For example, if the aggregator fails to solve the problem of optimizing the
charging and discharging of EVs, the whole system will fail. So, a backup system will be
needed, but this backup system will increase costs. Another problem with the centralized
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method is its scalability. As the number of EVs increases, the computational burden will
increase, and solving the EV charge and discharge optimization problem will become more
time-consuming and complex [15,43]. Although the problem solving time is not essential
in scheduling for the day ahead, the speed of problem solving is important for real-time
applications. Accordingly, using a centralized control method for large-scale and real-time
problems may be impractical.

Due to the advantages and disadvantages mentioned above, many studies have
used a centralized control method to optimize the charging and discharging of EVs in
the power grid. In [44], the centralized control method is used to optimize the charging
and discharging of EVs in the distribution network for peak-shaving, minimizing losses,
and maximizing the profit of the EV’s owner. Additionally, to reduce the dimensions of the
problem and apply the proposed method to a large-scale EV fleet, the power exchanged by
each bus with the network instead of the power exchanged by each EV with the network
is considered as a decision variable. In [45], centralized control is also used to minimize
the load variance and regulate the network voltage. In [46], EV charging is coordinated
along with power system equipment, such as the on-load tap changer operation and the
capacitor, to reduce power losses and voltage deviations. In addition, the proposed method
uses the time of use electricity tariff to minimize the EV owner’s charging cost. The authors
in [47] also propose a multi-objective optimization method based on a centralized control
approach to reduce network imbalances and energy losses and improve the voltage profile.

3.2. Decentralized Control Structure

In decentralized control, as opposed to centralized control, each EV owner decides
whether to charge or discharge the battery according to their specific purpose, which is
usually to minimize the cost of charging. Therefore, the system operator or aggregator can
indirectly control EVs’ charging and discharging behavior with the help of pricing strategies
and transfer the charging load of EVs from peak hours to non-peak hours with appropriate
price incentives. Additionally, due to the lack of direct control in the decentralized method,
achieving the optimal global solution is not guaranteed, and it is more difficult to provide
ancillary services in the decentralized model than in the centralized one. At the same time,
because decentralized control divides the computational burden between EVs, and each
EV solves its own charge and discharge problem, the decentralized method is highly
scalable and suitable for large-scale EV fleets. In decentralized control, EVs share their
charge and discharge scheduling information with each other to reach a global equilibrium
point. Although this method requires a lot of communication between EVs, to reduce the
need for communication, an aggregator can be used to aggregate information and send
to EVs control signals, which are usually price-based [14,15]. Figure 4 shows a sample of
a decentralized control structure [15].
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The decentralized control method has been considered in various articles [48–53]. Due
to the special nature of the decentralized control method and the exchange of information
between EVs to achieve an equilibrium point, several articles have used game theory to
solve the problem of decentralized control of EVs. In [48], a practical demand response
program for charging PHEVs is proposed based on the non-cooperative game-theoretic
approach with the Nash equilibrium solution, which considers the effect of each EV charg-
ing strategy on the electricity price and the charging strategy of other EVs, and the main
purpose is to optimize the cost of charging the EV battery. The proposed model in [49]
is almost identical to that presented in [48], which suggests an EV charging schedule for
the day-ahead model based on game theory. However, to calculate the game’s Nash equi-
librium, ref. [49] offers a second-order programming optimization method that achieves
optimal solutions compared with [48]. However, in [51–53], methods other than game-
theoretic ones are used for decentralized control. In [51], a decentralized charging control
scheme is proposed to achieve valley filling in a residential distribution network, and a new
shrunken primal–dual sub-gradient (SPDS) algorithm is proposed to solve the problem in
a decentralized manner. In [52], a new decentralized charging control method is presented
using historical voltage magnitude data at each EV charging point. In the proposed method,
a stand-alone controller installed at each EV charging point implements a local charging
algorithm based on the current and historical measurement of the three-phase voltage
magnitude. There is no need for communication between controllers or communication
with a central server to coordinate EVs in this method.

3.3. Hierarchical Control Structure

The hierarchical control framework has features of both centralized and decentralized
control, and there are advantages over centralized and decentralized control in terms of
computational burden and the need for a communication network. Hierarchical control
usually has a two-layer structure. In the upper layer, a central controller, such as a DSO
schedules for all EV aggregators. In the lower layer, each aggregator is responsible for
controlling several EVs and schedules the charging and discharging of each EV. Addition-
ally, both the central controller in the upper level and the aggregator in the lower level can
control the aggregators and EVs directly or indirectly by using a price signal, respectively.
However, the weakness of these frameworks is that the whole system is affected and
disintegrates in the event of a failure in the central controller. Hence, another framework
can be expressed for hierarchical control in which the central controller is removed, the ag-
gregators make schedules by communicating with each other, and then each aggregator
controls its own EVs according to the schedules made. In this framework, with the failure
of an aggregator, only the EVs under the control of that aggregator are affected, and the
rest of the system can continue to operate. This hierarchical control structure is shown in
Figure 5 [15,54].

Due to the greater advantages of a hierarchical control framework over centralized and
decentralized control, special attention has been paid to this method in recent years [54–63].
In [54], a two-layer hierarchical control structure is proposed to coordinate the charging
and discharging of EVs. In the lower layer or EV layer, a controller estimates the charging
power and energy flexibility of the EV based on various characteristics such as the battery
energy status and future travel information, and in the upper layer or coordination layer,
based on the model of charging flexibility received from each controller and the status of the
power network, the optimal power allocation is determined in order to smooth the network
load curve and meet the charging needs of EV owners. In [55,56], a two-level hierarchical
control structure is used to manage EVs to prevent power grid congestion and transformer
overload. Additionally, unlike most cases where the top-level controller communicates
commands directly, in these studies, the top level indirectly controls the lower level with the
help of market-based control [55] and both market- and price-based control [56]. In [57–59],
hierarchical control is used to minimize network operating costs. Achieving frequency
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regulation through hierarchical control of EV charging and discharging has also been
considered in [60–63].
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The authors of [61,62] also consider minimizing the cost of EV battery degradation due
to participation in frequency regulation. Table 4 compares the centralized, decentralized,
and hierarchical control structures from different perspectives.

Table 4. Comparison between the centralized, decentralized, and hierarchical control structures.

Feature Centralized Decentralized Hierarchical

Achieving the optimal solution Global Local Depending on the control structure

Computational complexity High Low Almost low

Required communication infrastructure Low High Depending on the control structure but
almost low

User charging authority Low High Depending on the control structure

Scalability Low High High

4. Optimization Objectives of EV Charging/Discharging in Power Systems

The primary aim of connecting EVs to the power grid is to obtain enough charge
for the next trip; however, with optimal EV charge/discharge management, other goals
can be achieved in addition to the stated primary goal. The literature has considered
various goals, such as minimizing losses [64], reducing voltage imbalances [65], frequency
regulation [66], load flattening [54], minimizing the charging cost for the EV’s owner [49],
supporting the integration of renewable energy sources [67], decreasing the cost of operat-
ing the distribution system [68], maximizing EV profits through market participation [69],
and reducing greenhouse gas emissions [70], to optimize the EV charging/discharging
process in the power grid. Additionally, some papers have examined multi-objective
optimization of EV charging/discharging. In [71], the objectives of minimizing the load
variance and the EV charging cost are considered. According to the above-mentioned facts,
the objectives pursued by charge and discharge management in the power network can be
divided into three categories: the improvement of the power grid’s operation, economic
objectives, and environmental issues. A classification of the optimization objectives of EV
charging/discharging in power systems is shown in Figure 6.
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4.1. Improvement of the Power Grid’s Operation

In this section, the services that can be provided to the power system by optimizing
the charging and discharging of EVs are examined. EV services are divided into three
categories: active power support, reactive power support, and support for the integration
of renewable energy sources. Active power support includes frequency control services,
load variance minimization, peak shaving, valley filling, loss minimization, and voltage
regulation. EVs can also help reduce losses and regulate the distribution network’s voltage
by injecting reactive power. In addition, EVs can support the large-scale integration of
renewable energy sources, such as wind and solar, into the power system by recharging
their batteries during periods with a high level of production of renewable energy sources
and discharging when the level of renewables production is declining. In the following,
each of these services will be reviewed.

4.1.1. Active Power Support
Frequency Regulation

Frequency regulation is performed by the transmission system operator (TSO) to
balance the generation of and demand for electrical energy. It is divided into three types
(primary, secondary, and tertiary frequency regulation) according to various factors such
as response time, drop control, and power requirements. Power plants have traditionally
provided this service to the TSO, but recently EV batteries have also been used to provide
this service due to their high response speed. Because EVs can play a role in both generation
and demand in the power grid, they can participate in upward and downward frequency
regulation. Although participation in upward frequency regulation can result in EV bat-
tery degradation, EV owners can provide frequency regulation services with the proper
incentives. In general, the involvement of EVs in frequency regulation faces two main
problems: stability and economic issues. The stability problem refers to maintaining the
frequency of the network and providing a frequency adjustment service with large-scale EV
management. The economic problem encourages EV owners or aggregators to participate
in frequency tuning by increasing their profits [72].

As the penetration and influence of EVs in the power system have increased, many
researchers have examined the technical and economic problems of EVs’ participation in
power grid frequency regulation [4,60–63,66,72–79]. In [60], an optimal strategy for EVs
at charging stations is proposed in order for them to participate in secondary frequency
regulation, which also considers the charging demand of EVs. Additionally, for a fair
appropriation of dispatching from the control center between EVs according to their
charge demand, two optimal real-time strategies are proposed based on the area control
error (ACE) and the area adjustment requirement (ARR). In [61], similar to [60], EVs
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participate in secondary frequency control. The proposed scheme in this paper uses bi-level
hierarchical control to minimize network frequency deviations, satisfy the EV owner’s
charge needs, reduce battery degradation, and maximize the EV owner’s revenue. In [62],
an EV partnership in primary frequency control was considered. In this study, a dual-level
consensus-based frequency control method is presented. The upper level reduces the
deviation in the frequency of the power system. The cost of frequency regulation and
EV battery degradation is minimized at the lower level. Graph theory is also used to
build the communication network between neighboring control areas on the upper control
level and between neighboring EVs on the lower control level. In [72], a new dynamic
demand control method is proposed to coordinate the charging and discharging of EVs
according to the frequency deviation signal in order to address intermittent renewable
energy generation. In addition, the charging demands of EV owners are guaranteed to
be satisfied. Additionally, to increase the aggregator’s profits, the remaining capacity
of EV chargers is used to inject reactive power and provide a voltage regulation service.
In [75], EV participation in frequency regulation is done by considering the battery damage
and in order to reduce the charging cost of the EV’s owner. Additionally, to increase the
aggregator’s profits, the remaining capacity of EV chargers is used to inject reactive power
and provide a voltage regulation service. In [76], in addition to various objectives such as
minimizing energy costs, battery degradation, and carbon dioxide emissions, the use of EV
batteries was examined to provide a frequency regulation service from 11 p.m. to 7 a.m.
It was found that the frequency regulation service was, overall, profitable for EV owners.

Minimization of Load Fluctuations

Minimization of load fluctuations causes the system load to decrease during peak
periods and increase during non-peak periods, such as midnight, resulting in a flatter
load profile and increasing the overall efficiency of the power system. EVs using a V2G
capability can be charged during non-peak periods and discharged during peak periods to
help flatten the system load curve. Therefore, the objective function of minimizing load
fluctuations must be capable of peak shaving and valley filling. In (1), the objective function
related to minimizing load fluctuations is given [80]:

min
T

∑
t=1

(
Pc.t × Nc.t + PLoad.t − Pd.t × Nd.t − P

)2 (1)

where Pc,t and Pd,t represent the charging and discharging power of the EV battery at time
t, respectively, Nc,t and Nd,t represent the number of EVs in charging and discharging mode
at time t, respectively, PLoad,t represents the baseload at time t, and P represents the average
load during a day without the EV.

In the literature, various algorithms for charging and discharging EVs to minimize
load fluctuations have been introduced [6,45,54,71,80–90]. In [71], an intelligent charging
method for EVs in a low-voltage distribution network is proposed. The charging algorithm
is implemented locally in each EV; thus, the scalability and reliability of the system are
improved. The proposed algorithm pursues two goals: minimizing load fluctuations and
the EV charging cost. Voltage imbalances are also reduced by coordinating the charging
between the phases. In [80], to optimize the charging and discharging of EVs and minimize
the load fluctuations in the distribution network, the purpose of maximizing the profit of
the EV owner is also considered. Additionally, EV owners’ travel needs have been met.
In [81], the vehicle-to-building (V2B) approach is considered. A mathematical model is
proposed for peak shaving and valley filling of a university building’s load profile by
charging and discharging electric vehicles parked in the university’s parking lot. In [82],
a novel charging and discharging control strategy is proposed to manage the bi-directional
power flow between the EVs and the power grid. This strategy aims to smooth the daily
load curve of the power network by minimizing the load power variance. Additionally,
seven operating modes are considered for flexible charge and discharge management
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of EVs. In [84], a multi-agent-based strategy for charging and discharging control of
EVs is presented that considers three objectives: load flattening, voltage regulation, and
minimizing EVs’ charging cost. Among these three goals, load flattening using EVs is the
main objective. In [85], optimal charge and discharge programming for EVs is presented to
minimize load fluctuations. In the proposed method, the EVs are charged when the power
grid load is less than the target load, and the EVs are discharged when the power grid load
is higher than the target load. Therefore, the performance of the proposed algorithm is
highly dependent on the setting of the target load, the power grid load, and the capability of
the EVs connected to the grid. In [86], a two-stage optimization method is proposed. In the
first stage, the EV aggregator applies the optimal EV charging and discharging schedule
to minimize load fluctuations and the charging cost. In the second stage, the distribution
system operator (DSO) performs the distribution feeder reconfiguration according to the
optimal EV load obtained from the first stage and the load of the distribution system in order
to minimize power losses. In [89], a multi-objective optimization problem is presented that
considers two objectives: minimization of load variance and scheduling system operator
cost minimization. A multi-objective particle swarm optimization algorithm is used to
solve the proposed model.

Peak shaving and Valley Filling

Peak shaving refers to reducing the grid’s peak load by controlling the load, while
valley filling refers to creating a demand on the grid during non-peak periods. By control-
ling the charging and discharging of EVs, their demand can be transferred from peak to
non-peak periods to help reduce losses and improve the grid’s load factor. Optimal EV
charging and discharging strategies for peak shaving also reduce the need to invest in the
grid to increase the equipment capacity. The objective function related to peak shaving and
valley filling is given in (2) and (3), respectively [44]:

min
T

∑
t=1

(
PPeak.t − Ptarget.t

)
(2)

min ∑
t∈Toff -peak

(P target.t − Pbase) (3)

where Ppeak,t represents the peak load, Ptarget,t represents the target load at time t, and Pbase
is the grid’s base load.

By reviewing various papers, it can be seen that multiple strategies have been pro-
posed for peak shaving and valley filling with optimal charge and discharge management
of EVs [7,43,48,51,91–96]. The authors in [7] propose a centralized charging strategy for
large-scale vehicles intending to fill the valley. This paper defines two indicators: the ca-
pacity margin index and the charge priority index. The capacity margin index is used to
select the time when the grid has excess power to charge EVs. The charge priority index is
used to determine the priority of charging EVs in each time interval. In [91], an approach is
proposed for coordinating the charging and discharging of domestic EVs for peak shaving
and active power loss minimization. Additionally, in this scheme, EV owners have the
ability to select their charging and discharging time zones based on priority selection.
In [92], two smart strategies for minimizing the total daily cost and peak-to-average ratio
are presented, respectively, for EVs parked in workplace carparks. Additionally, the per-
formance of these strategies in the case of slow and fast charging is evaluated. In [95],
a real-time smart charging algorithm is presented for EVs implemented at commercial and
industrial sites. The proposed algorithm can reduce the peak demand.

Voltage Regulation with Active Power Management

Uncoordinated charging of EVs in the grid may cause the voltage to drop and an in-
crease in the load during peak load periods. To overcome voltage drops in the grid,
equipment such as capacitor banks and transformer changer tabs can be used. In addition,
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the incidence of these problems can be reduced by managing the active or reactive power of
EVs. Some studies performed voltage control by applying a constraint to the optimization
problem [65], and others defined an objective function to minimize voltage deviations [84]
or mains voltage imbalances [47]. The voltage constraint and objective functions used are
given in (4) to (6), respectively.

V min
i ≤ Vi ≤ V max

i (4)

min
Nbus

∑
i=1

(V r−Vi)
2 (5)

min
T

∑
t=1

Nbus

∑
i=1

∣∣∣∣∣V −t.iV +
t.i

∣∣∣∣∣ (6)

In (4), Vi is the voltage of bus i, and V min
i and V max

i are the lower and upper limits
of the allowable voltage, respectively. In (5), Vr is the reference voltage considered (1 p.u.),
and Nbus is the number of grid buses. In (6), V −t.i and V +

t.i are the negative and positive
sequence voltages at moment t and bus i, respectively.

Voltage regulation by managing the active power of EVs has been considered in
the literature [46,47,65,71,84,97–101]. In [47], a multi-objective optimization method for
EV coordination and distributed generation in the distribution network is presented that
considers issues related to power quality, such as neutral current, energy loss, voltage
imbalance, and bus voltage problems. In [65], the effect of EVs on a grid voltage imbalance
is investigated. The grid’s voltage imbalance factor (VIF) is minimized by the optimal
choice of three elements, namely charging or discharging the EV, the EV’s connection
point between the three phases of the network, and the rated charging or discharging
power of the EV. This paper also evaluated the effect of coordinated and uncoordinated EV
charging on the VIF. In [97], a novel coordinated charging strategy for EVs is presented that
considers their temporal and spatial uncertainties and can be used to minimize distribution
system power losses and voltage deviations. In [98], the effect of low and high penetration
of EVs on a voltage imbalance is investigated, where it is assumed that EV owners can
participate in the demand response. In this article, EV owners can cooperate with real-
time photovoltaic (PV) systems to produce an acceptable grid voltage imbalance. In [99],
a combined method using battery energy management of plug-in EVs (PEVs) and active
power curtailment of PV arrays is proposed to regulate voltage in LVDNs with a high level
of penetration of PV resources. A distributed control strategy composed of two consensus
algorithms is used to effectively utilize the limited storage capacity of the PEV battery,
considering its power/capacity and state of charge. A consensus control algorithm is also
developed to share the required power curtailment of PVs during overvoltage periods
fairly. In this paper, the main objective is to mitigate the voltage increase due to the reverse
power flow and to compensate for the voltage drop resulting from the peak load. In [100],
a real-time scheduling scheme is proposed for EV charging in a low-voltage distribution
system. The proposed scheme schedules the charging of EVs to minimize grid losses or
prevent the voltage from dropping below the lower limit during the charging period.

Minimization of Losses by Managing the Active Power

As the demand in the network increases, energy losses also increase. So, uncoordinated
charging of EVs and an increased peak load will also lead to increased losses in the
network. By managing EVs’ active and reactive power and adopting appropriate strategies,
the network’s power losses and operation cost can be reduced. In this section, algorithms
that minimize network losses by managing the active power of EVs are investigated.
The objective function related to power loss minimization is given in (7) [44]:

min
T

∑
t=1

Nline

∑
l=1

Rl × I2
l.t (7)
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where Nline is the number of network lines, Rl is the resistance of the lth line, and Il,t is the
current of the lth line at time t.

Active power management of EVs has been studied for minimizing network losses
[44,46,47,50,83,87,91,97,98,102–106]. In [50], the battery charge profile of EVs is assumed
to be rectangular, and a decentralized charging algorithm is proposed. Its objective func-
tion includes three factors: transformer aging, energy loss, and EV battery charge cost.
In [83], a new charging model for EVs is proposed that includes the optimal power flow,
statistical characteristics of EVs, EV owners’ degree of satisfaction, and the power grid
cost. Minimizing network losses is also considered to be a factor that reduces the cost of
operating the network. Furthermore, minimizing the load variance of the power grid has
been considered in the objective function of the optimization problem. In [102], a two-stage
charge control strategy is proposed; in the first stage, the EV charging cost is considered
a goal. In the second stage, a multi-criterion optimization structure is applied to achieve
optimal charging planning. The total losses of the distribution network and the cost of
reprogramming and application of wind energy to charge EVs are considered in this struc-
ture. Unlike other mentioned studies, in [103,104] network losses are reduced by optimal
management of EVs’ active and reactive power. In [105], the coordination of EVs and DGs
in day-ahead electricity markets is done using the local marginal price (LMP) in fleets and at
DG-connected buses. This optimization problem’s objective is to minimize the distribution
grid costs, including the cost of losses, reliability, and EVs. Additionally, the owners of EVs
and DGs are encouraged to participate in the proposed scheme by earning rewards.

4.1.2. Reactive Power Support
Voltage Regulation with Reactive Power Management

EV chargers can inject inductive or capacitive power into the grid by selecting the
current phase angles. Since the EV battery charger provides a reactive power compensation
service, this service does not result in additional degradation of the EV battery. Therefore,
reactive power management of EVs in the power grid to control the voltage, reduce losses,
and correct the power factor has received much attention [45].

Reactive power compensation by EVs has been considered for voltage control in
[5,8,45,75,101,103,104,107–110]. In [5], a two-level coordinated voltage control method that
is applied by the EV charger (EVC) is proposed to regulate the voltage in low-voltage
distribution networks. At the higher level, the voltage is adjusted by measuring the voltage
of the critical bus, and the control signals are transmitted between all EVCs. At the lower
level, the active and reactive power output of each EVC is determined by considering the
operating limitations and charging needs. In [101], the management of EVs’ active and
reactive power is performed to minimize the cost of energy purchases and grid voltage
deviations. The constraints of the optimization problem include distribution network
operation constraints and charging and discharging constraints related to the EV’s batteries
and chargers. This problem is modeled as a mixed-integer linear programming (MILP)
problem. In [103], an EV is considered to be both an active and a reactive power source.
A control strategy is proposed in which total system costs, including the loss cost, energy
cost, and voltage imbalance cost, are reduced by optimal charging and discharging of
EVs. Reactive power compensation based on day-ahead price signals is also used to
provide a voltage regulation service and reduce costs. In [104], management of the active
and reactive power of EVs is performed to minimize the cost of energy losses and the
cost of operating transformers. The algorithm proposed in this paper can improve the
power quality parameters, voltage, and power factor by managing the reactive power.
In [108], a two-tier hierarchical control method based on model prediction control (MPC)
is proposed to compensate for reactive power and the participation of EVs in voltage
regulation. In [109], the impact of reactive power support of EVs during the charging
process in a low-voltage residential distribution system was investigated. This support
service was tested using three different EV charging strategies: uncoordinated charging,
residential off-peak tariff charging, and vehicle-based peak shaving. This paper aimed to
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determine an appropriate capacitive power factor for all EV chargers to provide several
benefits, such as a reduction in the voltage deviation of the distribution grid.

Minimization of Losses by Managing the Reactive Power

As mentioned earlier, EVs can reduce network losses by compensating for the reac-
tive power, reducing network operation costs. The authors in [8,64,103,104,106,107,111]
considered minimizing power grid losses by managing the reactive power of EVs. In [8],
two models are presented to optimize the distribution network; the first model includes the
optimal power flow at the distribution network level, and the second model focuses on the
optimal charging of EVs and the support of the reactive power. In the second model, mini-
mizing power losses is also considered to be one of the goals. In [64], a two-layer intelligent
energy management approach is proposed to manage EVs’ active and reactive power in the
distribution system. The second layer is designed for reactive power management from the
point of view of the distribution system’s operator to minimize system losses by using the
reactive power capacity of EVs. In [107], reactive power compensation by EVs is performed
to reduce the reactive power support of central generators, which causes the operation of
generators to have a higher power factor and increases economic benefits, reducing power
losses and improving the voltage’s stability.

4.1.3. Support for the Integration of Renewable Energy Sources

Because the output power of renewable energy sources fluctuates, their large-scale
integration into the power grid poses many challenges to the system operator. However,
EVs, with their V2G capability, can help to increase the penetration of these sources into
the power system by supporting renewable energy sources with charging during high-
generation periods and discharging during low-generation periods.

In various papers, EVs have been used to support the integration of solar sources
[5,99,112–116], wind sources [73,102,117–120], or both [9,67,121,122]. In [112], an EV charge
management scheme is proposed to coordinate the amount of self-consumption of PV
output by shifting the charging period of customers’ EVs, reducing the PV curtailment
caused by a voltage increase in the low-voltage distribution network. Additionally, an auc-
tion mechanism is introduced to assure both the equity of the benefit to each customer
and the autonomy that enables customers to voluntarily participate in the EV charging
management scheme. In [114], the power grid is assumed to have small-scale charging sta-
tions and solar panels. EVs’ charging and discharging behaviors are optimized to balance
the renewable energy cycle and reduce energy costs. The EV charging and discharging
cycles are also shortened to prevent battery degradation. In [116], a structure based on
coordination between home and grid energy management systems without disturbing
EV usage for driving is proposed. The home energy management system develops an
EV charging–discharging plan for reducing the residential operation cost and PV curtail-
ment based on voltage constraint information in the grid provided by the grid energy
management system and the forecasted power. In [117], the EV demand response is used
to flatten the wind power curve, and a hierarchical controller is proposed in which, at the
top layer, the ramp rate is calculated and the request signal is sent to all participating EVs.
At the second layer, a fuzzy controller is created by defining two fuzzy indices to measure
the readiness of each EV to participate in the demand response program. These indices
are inferred from the state of charge (SOC) and the time remaining until the EV leaves
the parking lot. In [119], a real-time scheduling algorithm is proposed for the charging
and discharging of the EVs in a fleet, which maximizes the integration of wind resources
and minimizes the cost of charging the EV considering the battery’s destruction. In [120],
integrated scheduling of EV fleets and wind farm systems in the day-ahead wholesale
market is considered. Additionally, the effects of the integrated EV fleets and wind farm on
the market outcomes and price as a price-making player are investigated. Furthermore,
minimization of the emission of harmful gases is considered in the objective function of
the optimization problem. In [9], an intelligent charging strategy for EVs is presented to
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reduce the impact of output fluctuations of solar and wind resources by considering their
temporal and spatial characteristics. This study modeled EVs as demand-responsive loads
by introducing stochastic dynamic pricing. Then, two indices are defined to measure the
output fluctuations of renewable sources, and the cost of charging the EV is also considered
an economic indicator. These indicators are minimized in an optimal charge model.

Table 5 summarizes the classification of literature on EV services to improve the power
system’s operation.

Table 5. Classification of EV services to improve the power system’s operation.

Objective Reference

Frequency regulation [4,60–63,66,72–79]

Minimization of load fluctuations [6,45,54,71,80–90]

Active power support Peak shaving and valley filling [7,43,48,51,91–96]

Voltage regulation with active power management [46,47,65,71,84,97–101]

Minimization of losses by managing active power [44,46,47,50,83,87,91,97,98,102–106]

Reactive power support Voltage regulation with reactive power management [5,8,45,75,101,103,104,107–110]

Minimization of losses by managing reactive power [8,64,103,104,106,107,111]

Support for solar sources [5,99,112–116]

Integration of renewable
energy sources Support for wind sources [73,102,117–120]

Support for solar and wind resources [9,67,121,122]

4.2. Economic Objectives

By managing the charging and discharging of EVs and improving the technical per-
formance of the power grid, economic benefits can be achieved. Various EV charge and
discharge management strategies have been introduced based on real-time electricity mar-
ket prices, historical market price data, or price forecasts. Each strategy has economic
objectives, such as increasing profits through the discharge process during high price peri-
ods and reducing costs through the recharging process during low price periods. In general,
three main actors, the EV owner, the aggregator, and the system operator, are involved
in the optimization of the charging and discharging of EVs. Therefore, strategies related
to economic goals can be considered from three perspectives: the system operator, the
aggregator, and the EV owner [123].

4.2.1. System Operator Point of View

The system operator is responsible for the secure and economical operation of the grid
and tries to achieve its goals by direct or indirect management of EVs. With optimal EV
management, the system operator can reduce the number of power purchases from the
upstream network during peak periods, integrate a larger number of renewable resources
into the grid, and minimize the cost of starting, shutting down, and fueling generators,
reducing costs. In (8), the objective function for minimizing the cost of the grid’s operation
in the presence of thermal units, renewable sources, and EVs is expressed [63]:

min
T

∑
t=1

Pt × πt +
T

∑
t=1

K

∑
k=1

(C DG
k.t +SUCk × uon

k.t+SDCk × uoff
k.t)+

T

∑
t=1

Ni

∑
i=1

PDch
i.t × CDch

i.t (8)

In (8), Pt and πt are the power purchased from the grid and the price of electricity at time t,
respectively. CDG

k.t , SUCk, and SDCk represent the fuel costs, start-up cost, and start-down
cost of DG k, respectively. Ni is the total number of EVs and PDch

i.t and CDch
i.t are the discharge

power and the discharge price of EV i at time t, respectively. The on and off states of DG k



Sustainability 2022, 14, 2137 18 of 31

at time t are also indicated by the binary variables uon
k.t and uoff

k.t , respectively. The fuel cost
of DG units is also expressed in (9).

CDG
k.t = ak × uk.t+bk × PDG

k.t +ck × PDG2

k.t (9)

Several studies have aimed to minimize grid operation costs by optimal charge and
discharge management of EVs [53,57–59,68,83,101,103–106,114,120–122,124–129]. In [53],
a robust, decentralized model is proposed for the optimal and coordinated operation of
the distribution grid with EV aggregators, which aims to minimize the overall system cost,
including the cost of purchasing power from the upstream grid, the start-up cost, the shut-
down and fueling of generators, and the EV discharge cost. In [68], a robust optimization
model for coordinated dispatching of EVs is proposed that aims to minimize the overall
grid costs, including the cost of fuel for thermal generators, the cost of discharging EV
aggregators, and the cost of providing a reserve service by generators and aggregators.
In [104], an algorithm for minimizing the cost of energy losses and operating costs of trans-
formers through active and reactive power management of EVs is proposed to optimize
the operating costs of the distribution grid. In [106], an optimal active and reactive power
exchange between EVs and the power grid is proposed that increases the benefits to EV
owners and grid operators simultaneously. The benefits to EV owners include minimiza-
tion of the cost of charging EVs and an increase in the lifespan of their batteries, whereas
the benefits to grid operators include minimization of the cost of power losses and an
improvement in the lifespan of the grid’s power transformers. In [122], by managing the
charging behavior of EVs and other power generation units in the grid, the total cost of
the network is minimized. Additionally, the cost of unsupplied energy is considered as the
cost of reliability in the objective function. In [124], in addition to the cost of purchasing
energy from the upstream grid, the cost of fuel, the cost of starting-up CHP units, the cost
of charging and discharging the EV, the cost of wind and solar units, and the cost of CO2
emissions are considered to minimize the operating cost of the distribution grid. In [127],
a two-stage model is proposed in which EV uncertainties are modeled in the first stage,
and parking operators participate in energy distribution, reservation, and regulation mar-
kets with optimal management of their EVs. In the second stage, the technical constraints
on the distribution grid are met, and the overall cost of the system is minimized.

4.2.2. EV Aggregator’s Point of View

An individual EV does not have sufficient capacity to participate in the electricity mar-
ket or provide ancillary services. Therefore, EV aggregators are responsible for controlling
and managing the charging and discharging of a group of EVs. Aggregators can participate
in various markets, such as the energy market and the ancillary services market, and can
earn revenue by adopting appropriate strategies in addition to supplying the energy that
EVs need. By discharging the EV’s battery into the power grid, additional degradation of
the battery occurs. The aggregators must share a portion of their profits with EV owners to
satisfy them.

Strategies to maximize EV aggregator’s profit through market participation have been
examined in [8,63,69,75,77,92,96,130–140]. In [69], a robust optimization technique is used
to consider the market price uncertainty in the upstream grid. Instead of estimating the
market price, high and low values of the market price in the upstream network are used
to model the market price uncertainty and maximize the EV aggregator’s profit. In [77],
an optimal dispatching strategy is proposed to maximize the aggregator’s profit in which
aggregators participate in supplementary frequency regulation while meeting the demand
of EV owners. The authors in [131] introduced two types of stakeholders: the charging
station operator and EV owners. A dual-objective optimization method is proposed to
minimize the costs of charging stations and increase the convenience of EV owners by
charging batteries faster. In [132], the optimal scheduling of aggregators’ participation in
the day-ahead energy market and the reserve market of the day was performed with the aim
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of maximizing their profits. In this paper, each aggregator’s revenue is obtained through
the sale of electric energy to EVs and participation in the day-ahead market and reserve
market. Aggregator costs include the cost of purchasing electricity from the grid and the
degradation of EV batteries. Market price uncertainties and the availability of EVs are also
considered in the optimal scheduling. In [135], a fuzzy optimization model is proposed to
maximize the profitability of the parking operator while meeting the charging demand of
EV owners. The parking operator offers EV recharge scheduling in the day-ahead energy
market and balances any deviation from the scheduling in the day-ahead in the real-time
market. Profit uncertainties due to market price fluctuations as well as EV uncertainties are
also considered. In [139], a comprehensive day-ahead scheduling framework is developed
for electric vehicle operation, including three main types of stakeholders: electric vehicles,
charging stations, and retailers. Additionally, an equilibrium problem is solved to maximize
the benefits of all stakeholders.

4.2.3. EV Owner’s Point of View

EV owners can reduce their charging costs and even earn money by recharging their
EV batteries during low-energy-price periods and discharging them during high-energy-
price periods. Therefore, the coordination of charging and discharging EVs in the power
grid has been considered in various studies by using economic strategies to benefit the EV
owner. In addition to reducing costs for the EV owner, these strategies prevent peak loads
and network congestion from shifting demand to hours with lower demand. However,
discharging the batteries of EVs in the network reduces their life cycle. It affects the profit of
the EV owner, so the cost of the battery’s destruction must also be considered to formulate
the problem. The objective function for minimizing the charging cost for the EV owner is
given in (10) [44]. In this equation, Pcharge

t and Pdischarge
t are the charging and discharging

rates of the EV battery at time t, respectively, and Ccharge
t and Cdischarge

t represent the charge
and discharge prices of the EV power, respectively. Cdeg(Etrans) Represents the cost of the
battery’s destruction as a function of the energy exchanged (Etrans) in V2G mode.

min
T

∑
t=1

[(
Pcharge

t ×Ccharge
t

)
−
(

Pdischarge
t ×Cdischarge

t

)
+Cdeg(Etrans)

]
(10)

Minimizing the charging cost of EV owners has been considered in [4,9,44,46–50,61,71,
75,76,85–87,102,110,118,119,137–145]. In [110], the reactive power compensation capability
of EVs is used for monetization. In this paper, a robust optimization approach is proposed
to manage the active and reactive power of the distribution network using EVs with the aim
of minimizing the difference between the cost of energy and revenue from the exchange
of reactive power of EVs with the network. In [118], a structure based on stochastic
optimization for the coordinated operation of EVs and wind generators as virtual power
plants is introduced in a three settlement pool-based market. A balancer is provided
in which the aggregator buys enough energy based on the daily driving patterns of the
EVs and programs. The stored energy is used to balance the fluctuations in wind energy
production. It reduces energy costs for EV owners. The cost of the battery’s destruction is
also considered in the formulation of the problem. The authors in [143] evaluate the EV
owner’s economic benefits from participating in the primary frequency tuning market by
considering battery degradation and suggest a way to optimize the power bid to maximize
the EV owner’s revenue from providing the primary frequency tuning service. In [144],
a joint planning strategy for charging, discharging, and routing EVs is proposed that aims
to maximize the income of EV owners. It is shown that, with a slight change in driving
patterns, the EV owner gains profit and the network’s operation also improves. In [145],
a centralized charging and discharging control method for EVs is proposed to minimize
the operational costs of EV owners while maintaining feeder voltages within certain limits.
Table 6 lists the articles based on the economic goals of each of these three main actors.
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Table 6. Classification of economic goals from the perspective of the three main actors.

The Perspective of the Actor Reference

From the point of view of the distribution system’s operator [53,57–59,68,83,101,103–106,114,120–122,124–129]

From the aggregator’s point of view [8,63,69,75,77,92,96,130–140]

From the EV owner’s point of view [4,9,44,46–50,61,71,75,76,85–87,102,110,118,119,137–145]

4.3. Environmental Goals

Minimization of greenhouse gas emissions, such as CO2, has been considered the ob-
jective of charge and discharge strategies for EVs in some cases. Greenhouse gas emissions
from EVs depend on various factors such as the structure of the power system, the weather,
the economic power of the EV, and the EV’s charging period. For example, the simultane-
ous charging of EVs during the high peak period of renewable sources (i.e., the periods
with low CO2 emissions) and discharging of EVs during the low peak period of renewable
sources (i.e., the periods with high CO2 emissions) would not only help to involve these
sources, but also help to lower CO2 emissions. However, the uncontrolled charging of
a large number of EVs in a power system that is directly dependent on fossil fuels could
significantly increase CO2 emissions [70,146]. In (12) is presented the objective function
for the minimization of CO2 emissions, which includes the CO2 emissions from the grid
(Emgrid) and DG (EmDG).

min
(

Emgrid+EmDG
)

(11)

The Emgrid and EmDG are presented in (12) and (13).

Emgrid =
T

∑
t=1

Egrid.t
CO2
×Pgrid(t) (12)

EmDG =
T

∑
t=1

K

∑
k=1

EDG.k
CO2
×PDG(k.t) (13)

In (12), Emgrid is the CO2 emission rate in the main system at time interval t, and in (13)
EmDG is the CO2 emission rate related to DG k.

Investigation of the environmental issues in EV charging and discharging problems
has been carried out in several studies. In [126], a multi-objective function for the charging
and discharging of EVs in the distribution system is formulated, where the objectives are
minimization of the total cost of the system and minimization of the emitted greenhouse
gases from DGs and the main power system. Moreover, Benders’ decomposition is con-
sidered to split the MINLP problem into two MILP and NLP problems to enhance the
calculation time. In [130], another multi-objective model for smart EV parking based on
PV panels is presented, and a time-of-use strategy in the demand response program is pro-
posed to enhance the environmental performance and economy of parking. Furthermore,
the total cost of parking and greenhouse gas emissions from DGs and the upstream grid
are minimized.

4.4. Mathematical Models and EV Charge and Discharge Optimization Methods

Large-scale EV charge and discharge optimization problems have a lot of decision
variables and are therefore very difficult. To date, a variety of approaches have been
used to address these optimization issues. In the literature, the charging and discharging
of EVs have been optimized by using mathematical optimization methods and creat-
ing linear programming (LP) [66], mixed-integer LP (MILP) [11], mixed-integer non-LP
(MINLP) [124], mixed-integer quadratic programming (MIQP) [53], and non-LP (NLP) [104]
models. Heuristic optimization techniques, such as the genetic algorithm (GA) [85], particle
swarm optimization (PSO) [107], differential evolution (DE) [47], ant colony optimization
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(ACO) [142], the bat algorithm (BA) [122], the improved electromagnetism-like algorithm
(IEMA) [44], and the whale optimization algorithm (WOA) [87], have also been used to
solve nonlinear and non-convex optimization models. Other approaches to optimizing
the management of EVs or EV aggregators include game theory [48,96,136] and fuzzy
logic [117,135]. For optimal EV programming, robust optimization methods [53,68] as
well as stochastic optimization [118,122] have been used. Table 7 compares various papers
based on different aspects, such as priorities, the control structure, the optimization process,
and the form of power exchange, based on what has been said so far.

Table 7. Comparison between different articles based on different aspects.

Reference Main Objectives Control Structure Power Transfer Model
(G2V or V2G or Both)

Optimization
Model/Method

[4]

Secondary frequency
regulation, maximizing

charging station
efficiency, reducing EV

owner costs

Centralized G2V GA

[8]

Minimizing EV
charging costs from an

aggregator point of
view, minimizing

losses, reactive power
compensation

Hierarchical G2V NLP

[44]

Peak shaving, loss
minimization, EV

owner cost
minimization

Centralized Both IEMA

[47]

Minimizing the voltage
imbalance coefficient,
minimizing neutral
current, minimizing

bus voltage deviation,
minimizing losses

Centralized Both DE

[48]
Minimization of the EV
owner’s battery charge

cost, peak shaving
Decentralized G2V Game theory

[49]
Minimization of the EV
owner’s battery charge

cost
Decentralized G2V QP/Game theory

[53]

Minimizing the overall
cost from the system

operator point of view
considering benefits to

EV aggregators

Decentralized Both MIQP/CPLEX solver

[61]

Secondary frequency
control, reducing

battery degradation,
maximization of the EV

owner’s profit

Hierarchical Both MILP/Mosek solver

[64]

Minimizing the cost of
charging EVs from the
aggregator’s viewpoint,

minimization of
network losses

Centralized Both GA and DE
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Table 7. Cont.

Reference Main Objectives Control Structure Power Transfer Model
(G2V or V2G or Both)

Optimization
Model/Method

[65] Minimizing the voltage
imbalance coefficient Centralized Both PSO

[68] Minimizing network
operation costs Centralized Both MIQP/Gurobi solver

[69] Maximizing the EV
aggregator’s profit Centralized Both MIP

[75]

Decreasing the cost of
charging the battery of

the EV through
participation in

frequency regulation,
increasing the

aggregator’s profit
through participation

in network voltage
regulation, decreasing

battery degradation

Centralized Both NLP

[80] Minimization of the
load variance Centralized Both GA

[85]

Minimization of the
load variance,

maximizing the benefit
to the EV owner

Centralized Both GA

[97] Minimizing losses and
voltage deviations Centralized G2V PSO

[101]

Improving the voltage
profile, minimizing the

cost from the
distribution system

operator’s viewpoint

Centralized Both MILP/CPLEX solver

[104]

Minimizing the cost of
energy losses and
operating costs of

transformers,
improving the voltage

profile and power
factor

Centralized Both NLP/interior point
method

[110]

Minimizing the EV
charging cost through

reactive power
compensation

Centralized G2V LP

[115]

Minimizing the EV
aggregator’s cost,
supporting solar

resources

Centralized Both MIP

[119]

Supporting wind
power as a renewable

energy source,
minimizing the EV

owner’s charging cost,
and decreasing battery

degradation

Centralized Both MIQP
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Table 7. Cont.

Reference Main Objectives Control Structure Power Transfer Model
(G2V or V2G or Both)

Optimization
Model/Method

[126]

Minimizing the
network operation cost,
minimizing greenhouse

gas emissions

Centralized Both MILP and NLP

[133]

Maximizing the
average and deviation
in the profit of the EV

aggregator

Centralized Both MILP/CPLEX solver

[135]
Maximizing the profit

of the parking operator
(i.e., the EV aggregator)

Centralized G2V Fuzzy optimization

[138]

Maximizing the profit
of the parking operator,

minimizing the EV
owner’s charging cost

Centralized Both PSO

[144] Maximizing the EV
owner’s benefit Centralized Both MILP

5. The Main Challenge of V2G Technology: EV Battery Degradation

The preferences of EV owners must be considered when developing a charging strategy.
It is reasonable to assume that the owner will wish to keep the cost of operating the car
as low as possible. This includes both the cost of energy utilized and the cost of battery
degradation. Electric batteries degrade over time, and repeated charging and discharging
speeds up the process. As a result, when contemplating a V2G strategy in which the battery
may be charged and discharged repeatedly, accelerated degradation costs must be factored
in. Given this, it is likely that the EV owner will need some sort of financial incentive to
consent to participate in the V2G context if it causes the battery to age faster [147].

Since batteries are one of the most important and costly components of EVs, the cost of
battery degradation influences the economic benefits of smart EV charging and discharging.
As a result, EV battery degradation is widely acknowledged as a significant barrier to EV
participation in the V2G phase. As a result, the system operator or EV aggregator should
have an appropriate mathematical model of battery degradation in order to make the best
decisions on the charging and discharging of EVs in the power grid. In general, there
are two types of battery degradation: calendar aging and cycling aging. Factors such as
temperature, time, and SOC have an effect on calendar aging, while the number of cycles,
the charge and discharge rate, and the discharge depth affect the aging cycle. Additionally,
cycling degradation causes more aging in the battery than calendar degradation [148].

The cost of battery degradation has recently been modeled in several studies on
the optimal charge and discharge management of EVs, especially in cases where the EV
participates in the electricity market or provides ancillary services. Minimizing the cost of
EV battery degradation is considered one of the goals of charge and discharge optimization
in [75,76,119]. On the other hand, the performance of different batteries differs under
various conditions and in various applications. The authors in [149] examined the operation
and degradation of two different types of lithium-ion (Li-ion) batteries while delivering
frequency and peak-shaving control services and with and without considering EV driving
cycles. They found that different batteries have different efficiencies with unique features
that should be considered when delivering ancillary services. In [150], battery degradation
caused by driving and V2G services is quantified, and it is shown that low V2G services
have little effect on EV battery life.
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6. Discussion, Future Trends, and Suggestions

The foundation of this review paper is the various goals of EV charge/discharge
management approaches with a focus on the charging/discharging methods, control struc-
tures, objectives, and optimization techniques used to solve such problems. Accordingly,
conductive charging, inductive charging, and battery swapping, as the most-discussed
EV charging methods, were discussed with a focus on the characteristics and effects of
conductive charging as most-used method for charging EVs. Considering the investigation
of the literature in this area, battery swapping technology has not been focused on in the
literature to an acceptable level and should be studied considering various types of batteries
for EVs, battery degradation, and the tendency of EV owners to contribute to the swapping
technology. Additionally, it is suggested that the unification of inductive charging facilities
for all types of EVs be studied as the lack of universality in the EV industry has resulted in
the isolation of EV networks. In addition, in Section 2, the advantages and disadvantages
of each of these charging and discharging methods were discussed. For example, as shown
in Table 3, using the dynamic inductive charging method, the driving range of the EVs
increases and the size of the EVs’ battery decreases, which leads to a reduction in the
initial cost of EVs. However, on the other hand, the development of inductive charging
infrastructure imposes a very high investment cost compared with conductive charging.
Furthermore, the charging efficiency in the case of the inductive charging method is lower
than that of the conductive charging method. Therefore, by increasing the efficiency of the
inductive charging method and reducing the costs associated with its infrastructure, it can
be used effectively in the future.

Then, the centralized, decentralized, and hierarchical methods as controlling methods
for EV charge and discharge management in the power grid were discussed and com-
pared in terms of their structure and advantages/disadvantages. As shown in Table 4,
the centralized structure is superior to the decentralized structure in terms of achieving
the optimal solution and the required communication infrastructure. However, in terms
of scalability, computational complexity, and the EV owners’ ability to manage the charg-
ing and discharging of their EV, a decentralized structure offers more advantages than
a centralized structure. The hierarchical method can also be implemented using various
structures, and, according to the implemented structure, it can offer the advantages of both
the centralized and decentralized methods. Additionally, more precise management of
EV charging and discharging should be investigated in future works by simultaneously
considering EVs’ temporal and spatial uncertainties. To incorporate EVs into most smart
grid applications, the decision-making period of EV charge and discharge management
would need to be more precise. The management of data related to EVs needs further
investigation in terms of security and privacy, which should be analyzed in future work.

The enhancement of the power grid’s operation, economic issues, and environmental
issues were then investigated in this study as three types of goals sought by EV charge
and discharge management in the power network. The objectives of EV management
with the goal of the enhancement of the power grid’s operation were found to be focused
on active power support, reactive power support, and support for the integration of
renewable energy sources. Accordingly, frequency regulation, peak shaving, valley filling,
load leveling, voltage regulation, and loss minimization with active power management
were classified as active power support services. Furthermore, voltage regulation and
loss minimization with reactive power management were classified as reactive power
support services. Additionally, support services for increasing the penetration of solar and
wind energy sources were included in the category of support services for the integration
of renewable energy sources. It is clear that, by combining different EV services, for
example, active and reactive power support services and better support for the power
grid, EV owners can obtain more profit. As a suggestion for future work, the capability
of EVs to recover loads and increase the network’s resilience as well as improvement
of power system indices could be investigated. Additionally, economic objectives were
analyzed considering the system operator’s point of view, the EV aggregator’s point of
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view, and the EV owner’s point of view. It is more practical to consider the interests
of all stakeholders involved in the issue, such as EV owners, aggregators, retailers, and
distribution network operators, when evaluating the economic benefits of the optimal
management of EV charging and discharging.

Mathematical modeling and some of the most important methods for solving the EV
charging and discharging optimization problem, including mathematical optimization
methods, meta-heuristic algorithms, game theory, and fuzzy logic, were also briefly re-
viewed. Finally, the main challenge of V2G technology, which is the degradation of the
EV’s battery, was studied. As mentioned above, frequent charging and discharging of an
EV’s battery accelerates its aging. Therefore, battery degradation due to V2G technology
must be considered in charge and discharge optimization problems.

7. Conclusions

The most recent studies on optimizing the charging/discharging of EVs in power
systems were reviewed in this paper. First, the advantages and disadvantages of various
EV charging methods, including conductive charging, inductive charging, and battery
swapping, were studied. As mentioned above, if the dynamic inductive charging method
is used, the battery size of EVs can be reduced, decreasing the EVs’ initial cost. As a result,
dynamic inductive charging can help to increase the adoption of EVs. Moreover, in the
inductive charging method, the risk of electric shocks is significantly reduced. The battery
swapping method, as one of the main battery charging methods, also faces many challenges.
These include the differences between batteries from different manufacturers, the complex
and expensive infrastructure, and the issue of battery ownership. However, as mentioned
above, battery swapping stations can effectively support the power grid and provide
various services due to their high energy storage capacity. The battery swapping method
is also the fastest charging method, eliminating the need for EV owners to park for long
periods for charging. The EV charging and discharging control systems were divided
into three categories, namely centralized, decentralized, and hierarchical systems, and the
characteristics of each of these approaches were studied and compared. A centralized
structure is very efficient for small-scale problems, but it has issues on a large scale due to the
complexity of the problem. Hence, although the probability of achieving an optimal global
solution in a decentralized structure is low, on a large scale, and especially in real-time
problems, the decentralized method is superior to the centralized method. Additionally,
the hierarchical method can be implemented in various ways according to the needs of the
power network and offers the advantages of both centralized and decentralized methods.

The various goals of EV charging and discharging optimization were then grouped
into three categories, namely technological goals to enhance the network’s operation, eco-
nomic goals, and environmental goals, with each of these goals being further subdivided
and analyzed in detail. The technical goals for improving the grid’s operation were divided
into three categories: active power support, reactive power support, and support for the
integration of renewable energy sources, and the various EV services were classified into
these three categories. Economic goals were also divided into three categories, including
economic goals from the perspective of the EV owner, the aggregator, and the distribution
network operator, and examined in detail. The various objective functions used in EV
charge and discharge optimization problems for each of the technical, economic, and en-
vironmental goals were also reviewed. Various optimization approaches have been used
to solve EV charge and discharge management problems in various studies; therefore,
a short study of these approaches was presented. Mathematical optimization methods,
meta-heuristic algorithms, such as GA and PSO, game theory, and fuzzy logic are among
the main methods researchers have used to solve the EV charge and discharge optimization
problem. Eventually, the factors affecting EV battery degradation and models of EV battery
degradation for EV charge and discharge optimization problems were evaluated. As men-
tioned above, the factors that affect battery degradation were divided into two categories:
calendar aging and cycling aging. Additionally, it was stated that cycling degradation
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causes more aging in the battery than calendar degradation. Therefore, in EV charge and
discharge optimization problems, it is necessary to provide the economic justification for
providing V2G services considering the battery degradation cost.
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