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a b s t r a c t

Energy crisis and environmental issues have encouraged the adoption of electric vehicle as an alternative
transportation option to the conventional internal combustion engine vehicle. Recently, the development
of smart grid concept in power grid has advanced the role of electric vehicles in the form of vehicle to
grid technology. Vehicle to grid technology allows bidirectional energy exchange between electric
vehicles and the power grid, which offers numerous services to the power grid, such as power grid
regulation, spinning reserve, peak load shaving, load leveling and reactive power compensation. As the
implementation of vehicle to grid technology is a complicated unit commitment problem with different
conflicting objectives and constraints, optimization techniques are usually utilized. This paper reviews
the framework, benefits and challenges of vehicle to grid technology. This paper also summarizes the
main optimization techniques to achieve different vehicle to grid objectives while satisfying multiple
constraints.
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1. Introduction

The transportation sector has the largest share of total energy
consumption growth in the world. Most of the energy consump-
tion growth in transportation sector is due to the high economic
and population growth [1]. The rapid increase of energy demand
will result in excessive carbon dioxide emissions and energy crisis
[2]. In many countries, mitigation plans have been undertaken to
achieve a reduced emissions target and one of the promising
solution is electrifying transportation.

Electric Vehicle (EV) is an alternative transportation option,
which emits zero exhaust gases and generates minimal noises. EV
uses electric motor and battery energy for propulsion, which has
higher efficiency and lower operating cost compared to the con-
ventional internal combustion engine vehicle. The continual
development of lithium ion battery and fast charging technology
will be the major facilitators for EV roll out in the near future [3,4].
However, the present EV industry encounters many technical
limitations, such as high initial price, limited charging facilities,
limited driving range and long battery recharge time [5]. Fur-
thermore, the interconnection of EV on the power grid to receive
charge has introduced negative impacts on the power grid
operation.

Recently, the introduction of the smart grid concept has mod-
ernized the power systemwith additional communication features
[6,7]. Vehicle to Grid (V2G) concept is one of the smart grid
technologies, which involves the EV to improve the power system
operation. V2G concept allows the energy exchange between EV
and the power grid, which can provide numerous services to the
power grid. Meanwhile, EV owners can also enjoy appealing rev-
enues for their participations in the V2G services.

V2G technology can be categorized into unidirectional and
bidirectional [8,9]. For unidirectional V2G, it utilizes the commu-
nication between the power grid operator and EV to throttle the
charging rate of each EV. This action can prevent grid overloading,
system instability and voltage drop issues [10,11]. From the per-
spective of the power grid, EV battery is an electric load but also
can be considered as energy storage. Therefore, bidirectional V2G
utilizes this idea to enable energy exchange between the EV bat-
tery and the power grid for EV charging or grid support. The
bidirectional V2G provides greater flexibility for the power utility
to control the EV battery energy to improve the reliability and
sustainability of power system [12–14].

V2G technology is a complicated unit commitment problem
associated with different conflicting objectives and constraints.
Therefore, the realization of the V2G technology is achieved by
using optimization techniques. There are various optimization
techniques in the literature, but the main optimization techniques
for V2G implementation are Genetic Algorithm and Particle
Swarm Optimization. By satisfying certain constraints, these
optimization techniques can achieve different objectives and ser-
vices, such as peak load shaving, load leveling, voltage regulation
and maximization of profit.
This paper reviews the concept, framework, advantages, chal-
lenges and optimization strategies of V2G. The key contributions
of this paper are: (1) to deliberate about the overall V2G concept
and framework, specifically on the unidirectional and bidirectional
V2G, (2) to discuss comprehensively on the benefits, services and
potential barriers of the V2G technology implementation, (3) to
analyze various V2G optimization techniques with practical
objective functions and constraints, and lastly (4) to provide new
insights into the prospects of V2G technology. Section 1 gives an
introduction on the V2G background. In Section 2, V2G framework
and concept will be discussed. The comparison of unidirectional
V2G and bidirectional V2G will be explained in Section 3. Section 4
presents the advantages and challenges of V2G technology. The
optimization strategies for V2G are reviewed in Section 5. Section
6 concludes the paper.
2. Vehicle to grid concept and framework

EV technology has attracted the attentions of government and
public due to the growing concerns on the environment and rising
cost of fossil fuel. The integration of transportation sector and
power grid will lead to many challenging issues to the power
system. For instance, a large penetration of EVs will increase the
power grid load during the EV charging process. Nevertheless, the
projected penetrations of EVs have also opened up the possibility
of the V2G implementation.

V2G refers to the control and management of EV loads by the
power utility or aggregators via the communication between
vehicles and power grid. There are three emerging concepts of
grid-connected EV technologies, which are the Vehicle to Home
(V2H), Vehicle to Vehicle (V2V) and Vehicle to Grid (V2G) [15].
V2H refers to the power exchange between the EV battery and
home power network. In this case, EV battery can work as energy
storage, which provides the backup energy to the home electric
appliances and to the home renewable energy sources [16]. V2V is
a local EV community that can charge or discharge EV battery
energy among them. V2G utilizes the energy from the local EV
community and trades them to the power grid through the control
and management of local aggregator [17].

Generally, V2H, V2V and V2G involve elements such as power
sources, power loads, power grid aggregator, power transmission
system, communication system, electric vehicles, and vehicle to
grid chargers. The framework of a typical V2G system is shown
in Fig. 1.
3. Power flow from vehicle to grid

V2G refers to the interaction between electric vehicle and
power grid with the assistance of the communication system.
Power grid operator utilizes the communication facility to control
and manage the power flow between the EV battery and the



Fig. 1. V2H, V2V, and V2G framework [15].
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power grid in order to achieve desired benefits. In most cases, the
objectives of the V2G management are to maximize profit, reduce
emissions and improve power quality of the grid [18,19].

3.1. Unidirectional V2G

Unidirectional V2G is a technology that controls the charging
rate of EV battery in a single power flow direction between the EV
and grid [8,20]. The realization of the unidirectional V2G is inex-
pensive by adding the simple controller to manage the charge rate.

Unidirectional V2G can provide ancillary services to the power
grid, such as power grid regulation and spinning reserve [21,22].
This can enhance the flexibility of the power grid operations. The
implementation of unidirectional V2G needs the existence of an
attractive energy trading policy between the EV owners and the
power utility [23,24]. In order to encourage the participation of EV
owners, this energy trading policy must guarantee revenues to the
EV owners if they charge their EVs during off peak hours and limit
the EV charging during on peak periods [25–27]. At the same time,
the power utility can avoid overloading during on peak hours. In
addition, unidirectional V2G can achieve maximization of profit
and minimization of emission by using optimization technique
[18,28].

However, unidirectional V2G services are limited by the ability
to provide ancillary services to the power grid. Functions such as
peak load shaving, reactive power support, voltage regulation and
frequency regulation are the premium services which can only be
achieved with bidirectional V2G.

3.2. Bidirectional V2G

Bidirectional V2G refers to the dual direction power flow
between EV and the power grid to achieve numerous benefits [29].
A typical bidirectional EV battery charger consists of AC/DC con-
verter and DC/DC converter as depicted in Fig. 2 [13,30]. The AC/DC
converter is used to rectify the AC power from the power grid to
the DC power during the EV charging mode and inverts the DC
power to the AC power before injecting back to power grid in the
discharging mode. On the other hand, the DC/DC converter is
responsible in controlling the bidirectional power flow by using
current control technique. The DC/DC converter acts as a buck or
boost converter during charging or discharging mode, respectively.



Fig. 2. Power flow diagram for V2G [13,14,29,30].

Table 1
Comparison of unidirectional V2G and bidirectional V2G [8,18,29,36].

V2G power flow Unidirectional Bidirectional

Hardware
infrastructures

Communication system Communication system
Bidirectional battery
charger

Power level Level 1, 2 and 3 Expected level 1 and 2

Cost Low High

Services Power grid regulation Active power support
Spinning reserve Reactive power support

Power factor correction
Improve power system
stability
Harmonic filter
Frequency regulation
Energy backup

Benefits Prevent power grid
overloading

Reduce power grid losses

Maximize profit Prevent power grid
overloading

Minimize emission Improve load profile
Maintain voltage level
Renewable energy
intermittent
Failure recovery
Maximize profit
Minimize emission

Drawbacks Limited service available Battery degradation
Complex hardware
infrastructure
High investment cost
Social barriers
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The bidirectional V2G provides larger flexibilities and possibi-
lities to improve the power system operations. The main benefits
are active power support, reactive power support, power factor
regulation and support for the integration of renewable energy
resources. Active power support from bidirectional V2G can
achieve peak load shaving and load leveling services [31,32]. These
services are achieved by charging the EV during the off peak hours
and inject additional EV energy into power grid during the on peak
hours. Other than providing active power support, bidirectional
V2G has the capability to supply reactive power for grid voltage
regulation [33]. This service can be implemented with adequate
sizing of charger DC link capacitor and proper control switching.
Power factor regulation is also one of the premium services
offered by the bidirectional V2G technology, which can reduce the
power losses in the power grid. Moreover, bidirectional V2G also
helps the integration of renewable energy resources in the power
grid [14,34]. The power generation of renewable energy resources,
such as wind turbine and solar photovoltaic are unpredictable and
inconsistent as these renewable energy resources are heavily
dependent on the weather condition. Bidirectional V2G utilizes the
EV mobility to act as energy buffering storage and supplier to solve
the intermittency issue of the renewable energy resources.

At the present time, the implementation of bidirectional V2G
encounters many challenges. One of the barriers is the battery
degradation issue due to the frequent charging and discharging
cycles required by bidirectional V2G implementation [35]. The
complexity of bidirectional battery charger requires additional
hardware and leads to the need for extra investments. Further-
more, social barrier issue is another significant challenge for the
implementation of bidirectional V2G. For security reason, EV
owners will usually try to acquire high battery state of charge for
the unexpected traveling usage [11]. This will prevent them from
actively participating in the bidirectional V2G services.

The successful implementation of V2G requires further tech-
nological improvements. Currently, unidirectional V2G is imple-
mented in many countries to reduce the social barrier issue in
order to stimulate the EV penetration into market. Bidirectional
V2G has the potential to be adopted in the future when the market
and technology are readied. Table 1 shows the comparison
between the unidirectional V2G and bidirectional V2G in various
ways, such as the hardware infrastructure, power levels, costs,
available services, benefits and drawbacks.
4. V2G advantages and challenges

4.1. V2G services and advantages

V2G technology can provide many services to achieve various
benefits. The implementation of V2G can provide frequency reg-
ulation, harmonics filtering and even failure recovery to the power
system during blackout [33,37]. The advantages of V2G are not
only the privileges for the power utility but also EV owners. The
V2G technology can provide uninterrupted power support for
home and backup energy storage for home renewable energy
resources [14,38]. The major benefits of V2G will be further dis-
cussed in details, which include ancillary services, active power
support, reactive power compensation and support for renewable
energy resources.

4.1.1. Ancillary services
Unidirectional V2G provides the “load only” ancillary services

to the power grid by controlling the EVs charging rates upon
request from the power grid operators [39–42]. The aggregator
manages and controls a large fleet of EVs in order to achieve the
ancillary services. Ancillary services can be classified into two
categories, which are power grid regulation and spinning reserve
[10,41]. The power grid regulation provides frequency regulation
to match the generation and load demand. The grid operators
usually take direct real-time control of this regulation to respond
to the grid demand by increasing or decreasing the generation
[43]. Nevertheless, the power balance can be achieved by utilizing
the unidirectional V2G technology to adjust the EV load demand
under two operating modes, which are “regulation up” mode and
“regulation down” mode.

Fig. 3 depicts the ancillary services concept using unidirectional
V2G as explained in [44]. Two load types are considered in [44],
which are the fixed loads and dynamic loads. Grid-connected EVs



Fig. 3. Ancillary services provided by unidirectional V2G: (a) base case, (b) regulation down case, (c) regulation up case, and (d) spinning reserve case [10,44,45].
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are considered as dynamic loads in the unidirectional V2G tech-
nology, where the charging rates of EVs are regulated up and
down to meet the Preference Operating Point (POP). Fig. 3
(a) serves as a base case to demonstrate the concept of ancillary
services. As the fixed loads increase, the regulation down mode is
performed by reducing the EVs charging rates to remain at the
same POP as presented in Fig. 3(b). In contrary, Fig. 3(c) shows that
EVs charging rates are increased to accomplish the regulation up
mode due to a decrement of fixed load.

On the other hand, spinning reserve is an additional generation
that provides fast response, generally within 10 minutes to com-
pensate the generation outage [46,47]. In order to achieve the
spinning reserve services using unidirectional V2G, the additional
spinning reserve is attained by decreasing the EVs charging rates
to a lower new POP as illustrated in Fig. 3(d) [10,45]. The ancillary
services provided by each EV is compensated based on the amount
of time the services are available even though there is no energy
being supplied to the power grid. This policy is attractive to the EV
aggregators and owners as revenues are guaranteed [41,48,49]. For
instance in [49], a fuzzy optimization is proposed to investigate
the benefits of ancillary services for unidirectional V2G and is
compared to the other optimization techniques. With the aim to
provide ancillary services, all the optimal unidirectional V2G
scheduling shows high profits for the participated aggregators,
especially for the proposed fuzzy optimization which is approxi-
mately six percent higher than the other optimization techniques.

4.1.2. Active power support
Another V2G service utilizes the excessive EVs energy to pro-

vide active power support to the power grid. The active power
support requires EVs to discharge the batteries energy and
therefore, could only be accomplished using bidirectional V2G but
not unidirectional V2G. The goal of this service is to flatten the grid
load profile by “peak load shaving” and “load leveling”. Fig. 4
shows the comparison of a typical residential load profile before
and after the implementation of peak load shaving and load
leveling. Peak power is usually needed for a short period of time
throughout a day. Therefore, it will be more economical to supply
the peak load demand from the distribution sources, for instance
the grid-connected EVs [41]. EVs can be utilized to supply energy
to the power grid during the peak load period to shave off the peak
load. This can help to reduce the applied stress on power system



Fig. 4. Load profile comparison before and after peak load shaving and load
leveling [41,52].
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components during the peak load period and the EV owners will
be paid with a premium energy rate. During the off peak hours, EV
owners can charge their EV batteries with lower energy price.

Active power support is an important service of V2G due to the
premium benefits it is able to attain. One of the advantages is the
loss reduction. By maintaining the power system operating capa-
city at lower level, the overall power losses will be reduced [50].
Traditionally, power system is constructed to meet the highest
peak of the load demand. Thus, the power equipment is under-
utilized during the off peak hour. The implementation of peak load
shaving technique by utilizing the V2G technology can maximize
the power equipment capacity and prevent additional equipment
upgrade cost [31,51]. In addition, shifting EVs charging time to off
peak hours is a good method to avoid power system overloading
and equipment aging [52,53].

The V2G implementation to achieve peak load shaving and load
leveling is determined by the availability of EV battery capacity
connected to the power system. In managing the EV energy
storages, many factors shall be considered, such as the probability
of EV connection to the power grid, available energy in the EV
battery and the Depth of Discharge (DOD) of EV battery [45,54].
Research is in progress to design a V2G control strategy that can
flatten the load profile by considering the related constraints. The
technique, also known as optimization technique can optimize the
benefits for power utility and EV owners [31,51]. In [55], a
decentralized demand response management using a multi-
objective optimization algorithm is designed to employ the grid-
connected EVs for active power support to a local micro grid. This
algorithm can intelligently extract an appropriate amount of
energy from the EVs fleet for power grid support during emer-
gency grid condition.

4.1.3. Reactive power compensation
Reactive power compensation is a technique to provide voltage

regulation in the power grid [56–58]. Reactive power support also
provides power factor correction, which reduces the current flows
from generation and power losses in power line [59]. Furthermore,
this service can reduce the loading of power equipment, which
leads to the increase in power system operating efficiency.

The conventional method for reactive power compensation is
achieved by drawing reactive power from distribution generator or
static Volt–Ampere Reactive (VAR) compensator [60,61]. In most
cases, a capacitive reactive power is needed for the power grid
compensation. Therefore, grid-connected EV is able to provide the
reactive power compensation service due to the capacitive reactive
power reserved in the DC-link capacitor of the EV bidirectional
battery charger. Since the reactive power compensation is pro-
vided by the DC-link capacitor of the EV bidirectional battery
charger, this service will not cause any degradation to the battery
lifespan. The reactive power compensation is done by controlling
the switching of the AC/DC converter with various control strate-
gies [62,63].
The design and development of a bidirectional EV fast charging
station with EV fast charging control, as well as the novel reactive
power compensation control is proposed in [64]. The reactive
power compensation control regulates the power grid voltage
during the EV fast charging process. Therefore, the grid voltage
drop issue due to EV charging operation can be catered by the
proposed reactive power compensation control of the EV charging
station. Meanwhile, a decoupled active and reactive power control
is designed in the V2G charger in [65], which can provide appro-
priate reactive power supply to the power grid based on the
reactive power command signal by the utility. The reactive power
compensation control is experimentally validated by using a
12.5 kVA charger.

4.1.4. Support for renewable energy resources
Energy generation plants and transportation sector are the two

major sources of carbon dioxide emission [1]. This has reached a
level that threatens the public health and environment. The
deployment of renewable energy generation can help to protect
the environment. However, the power generation of renewable
energy sources is strongly dependent on the environmental fac-
tors. The unpredictable and inconsistent energy production is the
drawback of renewable energy resources.

The integration of EVs in the power system can be a solution to
the issues above [66]. The intermittency issue of renewable energy
resources can be solved by utilizing a fleet of EVs as energy
backups or energy storages [67–69]. The EV fleets act as the energy
backups to supply necessary power when the renewable energy
generation is insufficient. Meanwhile, they act as energy storages
to absorb the excessive power generated by renewable energy
resources, which would otherwise be curtailed [41]. Research has
shown that larger renewable energy capacity can be accom-
modated into the power system with more grid-connected EV
battery capacity. Therefore, EV is able to improve the economics of
the renewable energy generation industry. With proper energy
management between renewable energy resource and EV, the
future power grid will be cleaner and more sustainable [70–72].

A Genetic Algorithm-based optimization algorithm is proposed
in [73], which is able to optimally utilize the V2G capacity and
minimize the power variation due to fluctuating wind power
generation. The main objective of the proposed V2G optimization
algorithm is to realize the full potential of EVs to maximize the
profit and incentive for both power utilities and EV owners.
Authors in [74] have considered the importance of optimal sizing
and location for renewable energy EVs parking lot. Therefore, a
multi-objective algorithm is developed to optimally find the sizing
and allocation of renewable energy systems for V2G station. This
algorithm can determine the best location and sizing for the V2G
system at a minimal overall energy cost.

4.2. V2G challenges

V2G implementation will bring plenty of advantages and flex-
ibilities to the power grid. Nonetheless, V2G is a new technology
which has not matured. Many economical, technical and social
challenges need to be overcome in order to adopt the V2G
technology.

4.2.1. Battery degradation
Battery cells will deteriorate gradually under the battery char-

ging and discharging cycles. The irreversible chemical reaction in
the battery will increase the internal resistance and reduce the
battery useable capacity [35]. The battery aging rate depends on
many factors, which include the charging and discharging rates,
voltage, DOD and temperature. Participations of EVs in the V2G
technology require more battery charging and discharging cycles,
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which are likely to result in quicker battery degradation. Eco-
nomical and technical factors are studied in [75] to investigate the
feasibility of V2G implementation. This study indicates that rapid
battery charging and discharging cycles will cause more battery
degradation compared to the lesser cycles and concludes that V2G
implementation should be avoided.

Equivalent Series Resistance (ESR) is a parameter used to pre-
dict the battery life cycle. Deeper battery DOD and frequent bat-
tery charge and discharge cycles will lead to increase in battery
ESR. Studies in [76] and [77] show that the battery ESR increases at
low battery temperature and extreme battery State of Charge
(SOC). Hence, battery cycle should be maintained around the
middle ranges of SOC to minimize the increase rate of ESR [9].
Another important factor to reduce the battery degradation is the
battery DOD. Study in [78] shows that in order to maintain the
battery life cycle within an acceptable range, it is very important to
retain the battery DOD lesser than 60 percent. Therefore, the best
battery usage range drops within 30 percent SOC to 90 percent
SOC. Battery health should also be taken into consideration for the
implementation of V2G technology. V2G control strategy and
battery wear scheme are developed to prevent the abusive use of
EV battery [43–45]. Balance between the financial factor and the
battery technical factor is crucial to optimize the benefits for
power utility and EV owners.

4.2.2. High investment cost
Another challenge to the V2G implementation is the high

investment cost required to upgrade the power system. Improve-
ments in hardware and software infrastructure are needed for the
V2G implementation. Each EV that participates in the V2G system
will require a bidirectional battery charger. A bidirectional battery
charger is the hardware that consists of complex controller and
high tension cabling with tight safety requirement. In addition,
V2G has the potential to increase energy loss, which is another
unfavorable issue in power system as it has a direct relationship to
financial disadvantage. The V2G implementation requires frequent
charge and discharge cycles and these processes involves energy
conversions which will contribute to more conversion losses.
Multiple energy conversions for a large fleet of EVs charging and
discharging processes can denote serious energy losses to the
power system [79].

4.2.3. Social barriers
The participations of a large number of EVs are crucial

requirements for the V2G implementation. However, the social
barrier has prevented the public acceptance of the V2G technol-
ogy, which appears to be a huge challenge for V2G adoption. In
most cases, EV owners will ensure a guaranteed amount of energy
stored in the EV battery for emergency use and unpredicted
journey [11]. Since taking part in the V2G technology requires
them to share the EVs batteries energy with the power grid, this
will create the range anxiety among the EV owners [80]. The lack
of charging facility makes the situation becomes worse.

In order to reduce the social barriers for V2G implementation, a
well-planned EV charging network is necessary. In addition, V2G
management control needs to consider the EV SOC level. V2G
connectivity needs to be cut off when the EV SOC is lower than an
initially preset percentage [81]. This is to ensure the EV battery has
enough energy for the daily driving usage.
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5. Optimization of V2G algorithm

Power system involves multiple conflicting objectives that
must be achieved, but are plagued with many uncertainties and
nonlinearities [30]. Additionally, power system operations are also



Fig. 5. General flowchart of a GA optimization [15,68,89].
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limited by numerous constraints in the process of achieving
multiple objectives [82]. For the V2G system, the dynamic and
random behaviors of EV mobility will further increase the power
system complexity. In order to manage the power flow between
each EV and the power grid, optimization technique is applied for
the implementation of V2G system. The optimization of V2G
algorithm is an intelligent technique that is able to utilize the EV
mobility to achieve V2G services and specific objectives [83,84].
Table 2 shows the summary of the optimization for V2G control
strategy.

5.1. Optimization approaches

Integration of EVs and power grid will create a complex V2G
system, which involves large numbers of nonlinear variables. The
associated unpredictable variables are related to the power system
limitations and EV mobility constraints. Unit Commitment (UC)
determines the optimal dispatch generation schedule for the
available power grid generating resources. Various optimization
techniques are used in solving the UC problems, which involve the
V2G technology.

Traditionally, Linear Programming (LP) and Quadratic Pro-
gramming (QP) are used for the UC optimization [19,85]. These
methods are able to determine the best solution for an UC math-
ematical problem, but are limited to simple and linear objectives.
For a more complicated UC problem, Nonlinear Programming
(NLP) and Mixed Integer Nonlinear Programming (MINLP) are
usually used. Nevertheless, these techniques have difficulties in
handling the uncertain variables and require the involvement of
large numbers of computational resources when dealing with the
real world problems.

Apart from the mentioned optimization techniques, priority list
method has fast computational speed but is highly heuristic [86].
Lagrangian Relaxation (LR) method focuses on determining a
proper coordination technique to produce feasible primal solu-
tions while reducing the duality gap [86]. The drawback of this
method is the difficulty in attaining the feasible solutions. Fur-
thermore, Artificial Intelligence (AI) provides alternative in solving
the complicated V2G problems.

The most popular and feasible optimization methods for the
V2G problems are Genetic Algorithm (GA) and Particle Swarm
Optimization (PSO) [28,87,88]. GA is an iteration method that is
able to search for the global optimal solution under an execution
time limit [28]. Meanwhile, PSO is a memory computational
algorithm that searches for the global optima within a population
of random solutions by updating the generations. PSO has the
advantage where it requires lesser computational time and
memory [17,87]. In the following sub sections, GA and PSO opti-
mization techniques will be discussed in details.

5.1.1. Genetic Algorithm (GA)
Genetic Algorithm is an optimization method, which is inspired

by the living organism evolutionary process [89]. Initially, GA
requires a representation of a potential solution as the genetic
chromosome. This chromosome is a string of real numbers, typi-
cally a binary bit strings. A proper fitness function will compute
and evaluate the score of the genetic chromosome. After the
evaluation, the GA principle will repeat again to reproduce a new
generation of chromosome. The iteration repeats until the stop-
ping criteria are satisfied. Fig. 5 illustrates the flowchart of a GA
optimization. GA operations can be classified into a few stages, as
follows:

1. Initialization: random chromosome is generated as to cover the
entire range of search space. The potential solution is computed
as followed to the nature of the problem. Then, the potential
solution is encoded into the chromosome.

2. Selection: from the encoded chromosome, a selection session is
performed to breed a new generation. Certain criterion is used
to evaluate each solution in order to select the preferential new
generation.

3. Reproduction: the next generation of chromosome is produced
through the genetic operators, which include crossover, muta-
tion and elitism. This new population is different from the
previous generation. However, both share plenty of similar
characteristics of their parents.

4. Evaluation: in this stage, the child chromosome will be decoded
and evaluated using the fitness function. The evaluated indivi-
dual will replace the least fit individual in the population.

5. Termination: during the evaluation stage, if the stopping criteria
are satisfied, the final chromosome is considered as the solu-
tion. Therefore, the GA process will be terminated. Otherwise,
the process will repeat step 2–4 to generate the next population
of chromosome.

5.1.2. Particle Swarm Optimization (PSO)
PSO is a memory computational algorithm that searches for

global optima within a population of random solutions by updat-
ing the generations. In PSO, random potential solution, named as
particles, move through the multi-dimensional problem space in a
specific velocity. Each individual particle in the swarm is able to
interact with each other. This enables them to adjust their moving
velocity according to the movement patterns of its own and other
particles. The random movement of the particle swarms helps to
prevent the solution to be trapped in the local minima. In the PSO
iteration, each particle keeps track of its own position in the
problem space. The particle’s personal fitness solution is stored in
pbest while the best value, gbest is the global best value among all
pbest [86]. The equation for the personal best position of particles
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is as follows [87–89]:

ya;j tþ1ð Þ ¼
ya;j tð Þ; if f xa tþ1ð Þð Þ4 f ðya tð ÞÞ

xa;j tþ1ð Þ; else ; jA ½1;N�
(

ð1Þ

where a is the particle number in the swarms, j is the dimension of
search space, xa;j tð Þ is the jth dimensional component of the
position of particle a at time t and ya;j tð Þ is the jth dimensional
component of the personal best position of particle a at time t.

Since gbest is the best value among all pbest, therefore,

Υ j tð Þ ¼min y1 tð Þ;……; yS tð Þ� �
; aA ½1; S� ð2Þ

where Υ j tð Þ is the jth dimensional component of the global best
position of swarm at time t.

The velocity, v and position, x of each particle can be computed
by the following equation:

va;j tþ1ð Þ ¼w tð Þva;j tð Þþc1r1;j tð Þ ya;j tð Þ�xa;j tð Þ
� �

þc2r2;j tð Þ Υj tð Þ�xa;j tð Þ
� � ð3Þ

xa;j tþ1ð Þ ¼ xa;j tð Þþva;j tþ1ð Þ ð4Þ

where w is the inertia weight, c1 and c2 are the acceleration
constants while r1 and r2 are the random variables with a uniform
distribution.

5.2. Optimization objectives

V2G technology allows power utility and aggregators to achieve
V2G services, such as voltage regulation, spinning reserve, load
shifting, peak load shaving and load leveling. A few objectives can
be optimized to obtain the desired V2G services. For instance,
operation cost minimization, power losses minimization and profit
maximization are some of the optimization objectives for the V2G
implementation. Fig. 6 presents the summary and relation
between the V2G types, services, optimization objectives and
constraints.
Fig. 6. Relation diagram for V2G types, V2G services, optimizatio
5.2.1. Operation cost
From the perspective of the power utility or system aggregator,

minimizing the power system operation cost is an important goal
in an UC problem. The power grid operation cost includes fuel
cost, start-up cost and V2G cost [86,90]. Fuel cost, FC is expressed
as a second order function of the unit generated power as shown
below [17]:

FCi Pi tð Þð Þ ¼ aiþbiPi tð ÞþciP
2
i ðtÞ ð5Þ

where Pi is the system output power, ai; bi and ci are the coefficient
for the positive fuel.

Meanwhile, start-up cost refers to the cost required to restart a
generation plant. For a gas turbine generation plant, the start-up
process is affected by the temperature of the boiler. For example, a
cool boiler which has cooled down after long shut down period
will consume more fuel to warm up the boiler during the gen-
eration plant start-up. Meanwhile, for a unit that only shuts down
for a short period will require less fuel for start-up.

SCiðtÞ ¼
h_cost:MDirXoff

i ðtÞrHoff
i

c_cost:Xoff
i tð Þ4Hoff

i

8<
: ð6Þ

Hoff
i ¼MDiþc_s_houri ð7Þ

where SC, is the total start-up cost, h_cost is the high temperature
start-up cost, c_cost is the low temperature start-up cost, MDi is
the plant minimum down time, Xoff

i is the plant down time dura-
tion, Hoff

i is the hot to cold start-up transition hour and c_s_houri is
the cold start hour. Finally, V2G cost is the cost paid to EV owner
for their V2G services.

Therefore, the optimization objective for the V2G imple-
mentation is to minimize the power system operation cost.

minTC ¼ FuelcostþStart�upcostþV2Gcost ð8Þ

5.2.2. Carbon dioxide emission
In order to reduce the emission to the atmosphere, the Eur-

opean Union (EU) has introduced and implemented an emission
n objectives and constraints [17–19,28,31,51,68,82–88,90,91].
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trading mechanism, named as Emissions Trading Scheme (ETS).
According to ETS, each industry is limited to a specific amount of
emission. The emission quota can be traded among the industries.
For example, if the generation plant emission has exceeded the
limit, it has to buy more allowance from the market or it will need
to pay for a penalty [22].

Therefore, minimization of the emission is also a crucial
objective to be achieved in the V2G implementation. This helps to
protect the environment and reduce the expenses of the power
utility. The emission is represented by a quadratic function, as
follows [17,86]:

ECi Pi tð Þð Þ ¼ αiþβiPi tð ÞþγiP
2
i ðtÞ ð9Þ

where Pi is the system output power, αi; βi and γi are the coeffi-
cient for emission.

5.2.3. Profit
For the V2G operation, optimization methods can be used to

maximize the benefits for the power system aggregator and EV
owners [18]. V2G regulation services introduce numerous benefits
to the power system operation. Therefore, V2G implementation
will increase the profit for the power system aggregator. On the
other hand, incentives will be paid to the EV owners based on their
supplied EV batteries energy and the amounts of time the services
are available.

The study in [82] has focused on the profit for EV owner in the
V2G operation. The objective function is as follows:

maxEV owner income ¼
XT
t ¼ 1

XN
V ¼ 1

ðPdischarging V ;tð Þ

"

�Cdischarging V ;tð ÞÞ�ðPcharging V ;tð Þ � Ccharging V ;tð ÞÞ
#
� Δt ð10Þ

where t is the time, T is the total number of time interval, V is the
number of vehicle, N is the total number of vehicle, PdischargingðV ;tÞ is
the power discharge of vehicle V in period t, CdischargingðV ;tÞ is the
discharging price of vehicle V in period t, PchargingðV ;tÞ is the power
charge of vehicle V in period t, CchargingðV ;tÞ is the charging price of
vehicle V in period t and Δt is time interval.

5.2.4. Support for renewable energy generation
The EV fleets can act as backup batteries to supply the neces-

sary power when the renewable energy generation is insufficient.
Meanwhile, they act as energy storages to absorb the excessive
power generated by the renewable energy resources [19]. By
maximizing the accommodation of renewable energy into power
grid, this action can create a clean power network and reduce the
power generation cost. The authors in [28] have maximized the
accommodation of renewable energy resources into the power
grid by the optimization objective function, which minimizes the
generation of the conventional generator. The optimization
objective function is as follows:

minF ¼
XT
t ¼ 1

xP2
conv tð ÞþyPconv tð Þþz ð11Þ

where x, y and z are the cost coefficient and Pconv tð Þ is the power
generated by the conventional generator.

5.2.5. Target load curve and power losses
V2G is able to utilize the excessive EV battery energy to provide

the active power support to the power grid. The main objectives
are to flatten the local load profile by peak load shaving and load
leveling, as well as to reduce the power losses. In the studies in
[31] and [87], the authors have obtained peak load shaving and
load levelling services by minimizing the error between the real
load curve and the target load curve. The objective function is as
follows:

minE¼
XT
t ¼ 1

ðPLoad;t�Ptarget;tÞ ð12Þ

where T is the total number of time interval, PLoad;t is the load
demand at time t and Ptarget;t is the target loading at time t.

On the other hand, authors in [88] have proposed a V2G control
strategy that is able to provide load leveling as well as to minimize
the losses. The objective function is as follows:

minL¼
XT
t ¼ 1

"
ILoadðtÞ�

XN
V ¼ 1

IEV ;V ðtÞ
#2

ð13Þ

where T is the total number of time interval, N is the total number
of EV, ILoad is the demand load current and IEV ;V is the demand
current of EV number v.

5.3. Optimization constraints

The operations of power system are limited by many con-
straints. The optimization of the UC problem which involves V2G
operation requires the compliance of two main types of con-
straints. The mentioned constraints can be categorized into power
system and electric vehicle.

5.3.1. Power system
5.3.1.1. Power balance. The power supply from the power grid,
which includes the grid-connected EVs, must satisfy the load
demand and the system losses [86].

PgridþPV2G ¼DLoadþLosses ð14Þ
where Pgrid is the power generated from grid generator, PV2G is the
power supplied from EV and DLoad is the load demand.

5.3.1.2. Generation limit. Power generation has predetermined
maximum and minimum limits. The load demand and the system
losses must be within these limits [30,68].

PGeneration;minrDLoadþLossesrPGeneration;max ð15Þ
where PGeneration;min is the minimum grid generation, PGeneration;max is
the maximum grid generation and DLoad is the load demand.

5.3.1.3. Voltage limit. For the distribution system, power grid bus
voltage must be maintained within the allowable limit [30,82,92].

VBus;minrVBusrVBus;max ð16Þ
where VBus is the bus voltage, VBus;min is the minimum allowable
bus voltage, and VBus;max is the maximum allowable bus voltage.

5.3.1.4. Line thermal limit. The power cable has a maximum power
carrying capacity that it can withstand. Overloading of the cable
will lead to cable overheating problem [68,90].

PcablerPcable;max_heat ð17Þ
where Pcable is the cable carrying capacity, Pcable;max_heat is the cable
maximum carrying capacity before overheat.

5.3.2. Electric vehicle
5.3.2.1. Battery energy exchange rate limit. For safety and battery
health purposes, the exchange rate must not exceed the maximum
limits [73,81,88,92–94].

PBattery;minrPBatteryrPBattery;max ð18Þ
where PBattery is the battery exchange power rate, PBattery;min is the
minimum allowable battery exchange power rate, and PBattery;max is
the maximum allowable battery exchange power rate.
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5.3.2.2. Battery SOC limit. In order to minimize the battery degra-
dation, EV battery SOC needs to be maintained within the pre-
defined range. Moreover, the EV battery must not be fully dis-
charged while certain amounts of energy shall be reserved for the
EV driving usage [31,73,86,93,95].

SOCEV ;minrSOCEV rSOCEV ;max ð19Þ

where SOCEV is the SOC of the EV, SOCEV ;min is the minimum
allowable SOC for the EV, and SOCEV ;max is the maximum allowable
SOC for the EV.

5.3.2.3. EV availability. EV need to be connected to the power grid
in order to provide the V2G service while EVs that are on the road
or not connected to the power grid will be excluded from the V2G
operation [83,84].
6. Conclusion

This paper reviews the framework, types, services, and chal-
lenges of V2G operation. V2G is a new technology, which allows
power exchange between vehicle and power grid. This technology
can be categorized into two different types, which are unidirec-
tional V2G and bidirectional V2G based on the power flow
between power grid and EV. Both V2G types are able to provide
numerous services to the power grid, such as ancillary services,
peak load shaving, load leveling and as solution for the renewable
energy intermittency issue. This paper also presents the optimi-
zation techniques, objectives and constraints for the V2G imple-
mentation. The optimization technique is necessary for the V2G
energy management as it has to cater for the complex power
system constraints and to achieve various objectives.

The initial requirement to realize the V2G technology is the
availability of the related technologies. Despite the notable
improvements in the past decades, the practical EV battery and
V2G charger are still in the experimental phase. Moreover, the
complete EV charging station network with bidirectional com-
munication infrastructure is essential for the future V2G deploy-
ment. The electrification of transport industry and V2G technology
are undoubtedly long-term ambitions. Nonetheless, the V2G
technology is a compelling prospect, which can bring environ-
mental benefits and numerous services to the power grid. The
accomplishment of the V2G technology needs the active partici-
pation and collaboration of government, power utilities, V2G
aggregators and EV owners. Appropriate V2G management system
with incentive-based policy will be the important catalyst towards
the successful V2G technology implementation.
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