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Abstract

Future planning of the energy supply and transportation should be taken into consideration simultaneously. The cooperation of related stakeholders,
especially institutions, distribution companies and new technology developers is of great importance in terms of foreseeing and preventing the problems
to be encountered and of benefiting together. As it becomes more challenging to maintain the balance between energy supply and demand in electric
power systems due to the stochasticity of both load demands and renewable power generation, Electric Vehicle (EV) batteries can play a critical role
in supporting this balance for a given period. In this study, an optimization algorithm based on mixed integer linear programming is used to evaluate
the economic and technical benefits of EVs when they are used as mobile energy storage systems by system operators, which is called the concept of
"Vehicle for Grid" (V{QG). It is particularly aimed to alleviate the load demand on grid during the peak energy periods. The results obtained for two
types of EVs with different characteristics show that the economic and operational benefits can be maximized when the optimum number and
specification of EVs to be integrated into the system are determined. In the best-case scenario in which 15 EVs each with a capacity of 200 kWh are

used, the peak-to-average power ratio of the load curve decreases by 6.56%.
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Nomenclature

The abbreviations, sets, parameters and variables used in this paper are alphabetically listed below.

A. Abbreviations

ED Energy Drawn.
ESS Energy Storage System.
EV Electric Vehicle.

RES Renewable Energy Source.
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State-of-Energy.
Vehicle for Grid.
Vehicle to Grid.

Index of sending end i buses and receiving end j buses.
Index of electrical vehicles.

Index of buses.

Index of lines.

Index of time interval for energy flow.

Index of time interval for travel of EV.

Index of EV velocity.

Vehicle frontal area [m?].

Susceptance of line [ [pu].

Aerodynamic drag coefficient.

Coefficient of rolling resistance.

Charging efficiency of the ESS battery.

Charging efficiency of the EV battery.

Number of charging and discharging socket of buses.
Discharging efficiency of the ESS.

Discharging efficiency of the EV battery.

Energy consumption of EV [kWh].

Aerodynamic drag force of EV in time interval tt [kg.m/s?].
Acceleration force of EV in time interval tt [kg.m/s?].
Gravity force of EV in time interval tt [kg.m/s?].

Rolling friction force of EV in time interval tt [kg.m/s?].
Total traction force of EV in time interval tt [kg.m/s?].

Mass factor.

Gravity of earth [m/s?].

Mass of EV [kg].

Coefficient is 1 if line [ of bus i is receiving end; O if line [ of bus i is sending end; O if it is not both.
Coefficient is 1 if line [ of bus i is sending end; 0 if it is not.
Coefficient that belongs to bus i and line [ is obtained from transpose of M/, matrix.
Sufficiently large positive constant.

Electrical power demand of EV in time interval tt [W].
Mechanical power demand of EV in time interval tt [W].
Active power demand of bus i in time interval t [pu].
Reactive power demand of bus i in time interval t [pu].
Charging rate limit of ESS that is connected to bus i [kW].
Discharging rate limit of ESS that is connected to bus i [kW].
Charging rate limit of EV that is connected to bus i [kW].



REVdis Discharging rate limit of EV that is connected to bus i [kW].
R, Resistance of line [ [pu].

SOEL.ESS'i"" Initial SOE of the ESS that is connected to bus i [kWh].
SOEf$5™®*  Maximum SOE of the ESS that is connected to bus i [kWh].
SOEiESS'mi" Minimum SOE of the ESS that is connected to bus i [kWh].
SOEEV.ini Initial SOE of the EV [kWh].

i,jm

SOEEYVmax Maximum SOE of the EV [kWh].

i,jm
SO Efj?f;:l"i" Minimum SOE of the EV [kWh].
Vinax Permitted maximum voltage level of buses [pu].
Vinin Permitted minimum voltage level of buses [pu].
Vote EV speed [m/s].
Ve Wind speed [m/s].
X; Reactance of line [ [pu].
o Acceleration [m?/s].
N4 Driving efficiency.
p Air density [kg/m?].
6 Road slope angle [°].
AL; Distance to point j through route m [km].
AT Time period [min].

D. Variables

mﬂ/ Binary variable (1 if the EV is connected to bus i in time interval t; 0 otherwise).
P, Total active power of bus i in time interval ¢ [pu].
Pi’jt Total power demand of bus i in time interval t [pu].
Pft Total power flowing from transformer to bus i in time interval t [pul].
Pib;ss'Ch Charging power by ESS that is connected to bus i in time interval ¢ [kWh].
Piiss'dis Discharging power by ESS that is connected to bus i in time interval t [kWh].
Pl-b;V'Ch Charging power by EV that is connected to bus i in time interval £ [kWh].
Pib;V'diS Discharging power by EV that is connected to bus i in time interval ¢ [kWh].
Pll"zss Total active power loss of line [ in time interval ¢ [pu].
1311"255 Model variable to represent total active power loss of line [ in time interval t [pu].
P/, Total active power of line [ in time interval t [pu].
llgss Total reactive power loss of line [ in time interval t [pul].
th Total reactive power of bus i in time interval t [pu].
Qr¢ Total reactive power of line [ in time interval ¢ [pu].
SOEF® SOE of the ESS is connected to bus i in time interval t [kWh].
SOEf! SOE of the EV battery is connected to bus i in time interval t [kWh].
uf’tl Binary variable (-1 if the EV is charging in time interval t; 0 otherwise).
Vie Voltage magnitude of bus i in time interval t [pu].
Wi, Equivalent of cosine term of power flow equation on line (i, j) in time interval ¢ [pu].

W, . Square of voltage magnitude at receiving end bus r (r € i) in time interval ¢ [pu].



1. Introduction

1.1 Literature Overview

Under the conditions of the Covid-19 pandemic, similar to the other sectors, the electricity sector has deviated from its growth
path. With the increase in the normalization rate, it is expected to reach the estimated growth rates rapidly. In meeting the global
energy needs, electrical energy is anticipated to continue to rise to the top in the long run. Also, with the increase in the world
population, there will be a rise in the necessities, thus it will be necessary to use more electrical energy, especially from the
Renewable Energy Sources (RESs). While renewable energy plays an important role in reducing CO2 emissions, which is one of
the most important environmental concerns, it is expected to meet 21% of the world energy consumption in 2030 according to
International Energy Agency [1]. Currently, the transportation in the world is provided in two ways: electrical energy and fossil
fuel. While the energy demand continues to increase in both cases, the transportation energy demand of non-OECD countries is
expected to increase by 77% until 2050 [2]. Besides, the International Energy Outlook shows that global transport sector energy
use will increase around 50% between 2012 and 2040 [3].

The electrification of transportation, which has been first started with the hybrid Electric Vehicles (EVs) and continued with the
plug-in EVs, is a new situation for the world that has to overcome. The growth in the number of EVs has considerably increased
the demanded power in distribution grids at the last decade. Managing the charging operations of EVs has become therefore crucial
to avoid grid failures and distribute resources efficiently [4].

When the controlled and uncontrolled charging situations of EVs are compared, it has been clearly revealed that the controlled
charging state is much better in terms of losses and overloading [5]. It is, however, obvious that smart charging systems might only
provide a temporary solution to the rapidly increasing capacity of EVs. To this end, the Vehicle-to-Grid (V2G) operation, which
implies the energy flow from EV battery to grid for a more economic and flexible operation, has come into prominence recently.
This technology shows that the need for energy storage and power regulation brought about by the increase in RES can be eliminated
by using EV batteries to meet the frequency balancing, power quality and system reliability conditions [6, 7]. In [8], it is mentioned
that V2G operations at high charging rates do not cause any negative effects in terms of system reliability and power quality.
Moreover, with the simplest use of V2G technology, the difference between the minimum and maximum values in the consumption
curve could be easily reduced [9].

The V2G and G2V technologies have the potential to support the sustainability of the distribution systems provided that the
necessary improvements in the system infrastructures are implemented. However, the increasing number of EVs with different
usage patterns makes the management of the system more challenging [10]. The value and necessity of V2G operations is better

understood when it is considered that 30% of the distribution transformers will face overload situation with the increase of 5 kW in



the energy consumption of the houses in Norway [11]. The first work on the V2G concept was done in Japan for the peak shaving
and load shifting [12]. A large-scale study was also conducted in [12] for the arbitrage transaction in the UK between 2018 and
2021 with 320 sockets.

It has been stated that 600 GW of capacity can be used flexibly thanks to the V2G operations in various studies conducted in
China, India, EU and USA [13]. Being able to use this amount of energy at peak hours may bring many operational advantages.
According to the 2030 projection, the total capacity of energy in the EVs batteries will be about 20 TWh, which is equivalent to
27% of the daily global electricity production [14]. The mentioned capacity could be obtained through contracts that can be made
in many ways, such as using EVs in V2G operations in exchange for free charging [15].

Energy transfer from an EV to grid does not only provide benefits to network, but also offers opportunities to users who include
their EV in the system for this purpose. It can be expressed as an incentive situation to share the EV during the parking time to
support the network and gain financial advantages in return [16]. From a different point of view, it has also been put forward that
the benefits obtained will increase with the use of EVs not individually but collectively (such as a fleet) in the system, which
provides more predictable power management and advanced smart charging systems [17]. The study in [18] showed that profit
maximization could be achieved while prioritizing grid stability by performing V2G operations in markets that have different
characteristics. In another study, it was aimed to maximize income for both the aggregator and EV owners by creating pools of
private and commercial EVs.

In addition, it has been revealed that the differences in the working styles of commercial enterprises with more than one EV
such as cargo companies and the usage habits of private EV owners bring opportunity to create mixed pools and have a positive
effect on income up to seven times [19]. In another study that supports the same idea, in order to reduce the fluctuations caused by
the EVs with high demand and to minimize the operating costs, it was aimed to control the charge-discharge periods of EVs by
using the TOU pricing mode. However, the optional participation of EVs in the V2G operation and not being in the system as a
fleet limited the exploitation of the EVs in the cost minimization [20]. Besides, in a study that examines seasonal changes, it was
stated that the operational benefits might be higher in the winter period with the increase in incentives [21]. In the study aiming to
increase the benefits with the coordinated charging operations, the potential impacts of ESS and RES on the benefits have not been
considered.

As mentioned above, while the number of EV users involved in the system increases, the system management becomes more
challenging. Also, the constraints such as the personal driving preferences of the EV users, the arrival and departure times of the
EVs to/from the parking area, and the State-of-Energy (SOE) limitations of the EV battery have an impact on the efficiency of the
system management [22]. Nonetheless, the support of an EV fleet on the crucial power system operations such as valley filling and

peak shaving was not discussed in [22]. In order to have a more efficient system, the idea of the VG, which is a new perspective



that takes into account the EVs to be used only in line with the needs of the grid, has been put forward recently in the literature. In
a study conducted with the EVs moving between different regions as a fleet owned only by the grid operator, it is stated that an
economic management can be achieved by taking the electricity unit price, demand level and SOE of the battery into account [23].
In another study, it was stated that working together to reduce the system losses and operating costs of companies with EVs
belonging to generation and distribution companies provides remarkable benefits for both parties [24]. At the same time, it might
be possible to reduce the new investment costs with the increase in the system efficiency by the control of peak-energy time.
However, the energy consumption of the EVs was not taken into account in [23] and [24], and only the mass movement of the EV
fleet was considered in these studies, which might decrease the benefits compared to the case where the fleet can be distributed if
necessary.

In this study, unlike the studies mentioned above, an EV fleet, which is free from time and location constraints for the VG
operation, is considered to be deployable to the appropriate bus nodes. Besides, a more effective operation of the electricity grid is
aimed with the valley filling and peak shaving applications by taking the energy consumption of EVs into account. The cases with

different types and numbers of EVs are examined and also the benefits of including RES and ESSs in the system are investigated.

1.2 Content and Contributions

This study considers an EV fleet including a number of EVs that have the possibility to connect to different buses of the electrical
grid. The mobility of EVs provides a more flexible grid management and enables different sizes of capacities to be provided at the
bus node according to the demand.

The main aim of the study is to maximize the economic benefits of using an EV fleet while providing the necessary support to
the grid. To this end, a strategy based on demand response implementation is proposed where the optimal usage of the energy stored
in the EV battery is investigated in order to shave the peak load in the system. At the same time, a loss reduction is accomplished
by supplying energy to the closest branch to the consumer.

The contribution of this study is multifaceted:

*  The use of the EVs as energy storage units within the scope of VG is evaluated.

e In order to determine the places and times where and when the EVs will be used, an energy management algorithm is
proposed to make the most appropriate decisions as a result of certain comparisons, and it is aimed to make the charging
and discharging operations of the EVs in a way that provides the highest economic benefit.

*  Considering the fact that the real data are used in the designed system, the benefits of EV technology for the network and

the problems to be encountered during real applications create an infrastructure for future research.



1.3 Organization of the Paper
The paper is organized as follows. The developed system is explained in Section 2. Then, the optimization algorithm is tested
with different case studies in Section 3. A discussion is provided in Section 4 and finally conclusions and future studies are presented

in Section 5.

2. Methodology

In the proposed model, a distribution system with commercial consumers that have different load characteristics is considered.
Charging stations that have six charging sockets are located at Low-Voltage (LV) side of the distribution system to serve
bidirectional energy flow at each bus node. Transformers at each LV bus node provide energy as the main energy supplier as shown
in Fig. 1. Besides, the EV fleet belonging to a Distribution System Operator (DSO) is parked at a parking area for travelling to bus
nodes when it is needed. It is assumed that the parking area is at a location where it will be possible to reach all the bus nodes in a
reasonable time. Each EV connected to the bus nodes behaves like a stationary ESS. When selecting the bus node to be connected,
the optimization algorithm considers the load demand of the bus nodes and the amount of energy required to travel to the relevant
nodes. The designed system aims to determine the optimum size and operation of EVs as an energy storage system. The optimization

problem and related mathematical expressions are given by Egs. (1)- (28).

As mentioned above, the main objective of the proposed optimization problem based on mixed integer linear programming is
to minimize the Energy Drawn (ED) from the grid via transformer during the peak load period and the energy consumption of EVs
to travel bus node described between t; and t, by Eq. (1). Active and reactive energy flow equations are expressed by (2) and (3).
Transformers are the supplier side and commercial facilities and homes are the consumer side of system. The EVs can behave as
supplier or consumer using the bidirectional operation modes via charging stations shown by Egs. (4) and (5). AC power flow Egs.

(6)-(11) taken from [25] represent the system with second order conic programming.
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Fig. 1. Block diagram of the distribution system considered.



The rated power limitations of EV charging and discharging are shown by (12) and (13), respectively. The change in the SOE

of the EVs when they are connected to the bus node and when they are traveling is calculated by (14) and (15), respectively.

Constraint (16) determines the EV battery limitations and initial value of EV battery is defined by Eq. (17).
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Mathematical model equations to calculate the energy consumption of EVs are described by (18) — (22) [26]. Total traction

force Fy ., consists of four main forces, which are acceleration force, Fyf;, acrodynamic drag force, F;,, rolling friction force, F,

and gravity force, F,J. Mechanical and electrical power needed to move the EVs are expressed by (23) and (24), respectively. Total

energy consumption of EV during the driving period can be calculated by (25).
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Eq. (26) ensures that an EV can be connected to only one bus in time interval t. Since each bus has a certain number of
connection sockets, the number of EVs that can be connected is limited by Eq. (27). The displacement of the EV in each time
interval creates an inefficient situation in terms of both energy consumption and travel time. To have a more efficient operation, the
departure of an EV from the bus is prevented by (28). Consequently, the objective function (1) is minimized by considering the

constraints (2) - (28).

Z mEY = 1vt,EV 26)
i
0< me,}/ < CSVit @27
mi{ —mf_y =0Vt EVift>1 (28)

The equations of the electrical grid and EV models in the optimization algorithm are given by (1) — (28). The sequential

representation of the proposed optimization algorithm consisting of mainly seven steps is presented in Fig 2.

Discharge EVs for
demand response
and peak shaving

Dispatch the EV fleet for
reducing energy drawn

Monitor load
demand and EV Charge EVs to get ready for Return the EVs to initial

specifications peak energy time positions and values

Calculate the energy
consumption of EVs for Wait until the peak
every travel routes energy period

Fig. 2. Sequential representation of the proposed optimization algorithm.
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3. Simulation and Results

3.1. Input Data

The data used during the study are as follows. Line parameters of 6 L'V buses are given in Table 1. Resistance and reactance
values between bus nodes in the table are shown in per unit (pu) values. The base values used are | MVA for apparent power, 20
kV for voltage and 400 Q for impedance.

As a mobile energy source, each EV can move from the parking lot to different connection points. Thus, EV’s energy
consumption during travel period between parking area and any bus node has to be taken into account to determine the SOE of
EV battery. In general, it is possible to find EVs with a wide variety of battery capacities and specific features. In this study, two
types of EVs are considered; however, the results of the optimization algorithm for many EVs can be examined with simple
changes to the parameters. EV type-1 is considered as any commercial EV and EV type-2 is considered as an EV similar to Tesla
Cybertruck Tri Motor, but with a larger battery. The parameters for calculating the energy consumption of EV type-1 and EV
type-2 are given in Table 2 [27]. The electrical energy consumption of the EV is calculated by Eq. (18) - (25) using environmental
parameters such as wind speed, air density, and the EV-related parameters such as mass and front area.

When an EV is connected to any bus node, it operates as a stationary energy storage system. The energy charge and discharge
exchanges occur according to the limitations in Table 3 [28, 29]. Charge - discharge efficiency, and the initial and minimum SOE
values of EVs are same for both EV type-1 and EV type-2. EV type-1 has a battery capacity of 100 kWh with 25 kW charging -
discharging rate, while EV type-2 has a capacity of 200 kWh with 75 kW charging - discharging rate. Units in the electrical grid
model are expressed in pu, while the power units in the EV model are expressed in kW. It should be noted that the related
parameters and variables in the power grid model are multiplied by the base power due to the use of pu values.

In this study, the load demand of the consumer for a typical spring day between 09:00 am and 09:00 pm is selected. The data
for demand power curves are obtained from a regional distribution company in order to ensure the similarity to the real cases.
According to the load profile given in Fig. 3, the charging, discharging and no operation time intervals are selected. EVs are placed
in the most suitable locations determined by the algorithm at 09:00 am. After the arrival of EVs to the bus nodes, the EV charging
mode is active between 09:00 am and 11:30 am, which is the low energy consumption period, to be ready for the peak shaving
operation.

There is no operation between 11:40 am and 2:30 pm so as to use the energy stored in the EV battery efficiently at the peak
energy period. At the same time, for avoiding the early battery degradation, the attention is paid to both the discharge period and
the minimum SOE of the battery. Therefore, the discharge period is chosen between 2:40pm and 6:40pm, which is also the peak
energy period. After the discharge period, it is assumed that the EVs can be recharged or returned to the parking area with the

minimum SOE value until the test period ends. Comprehensive evaluations are made on the optimization algorithm by using
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different types and numbers of EVs in order to increase the economic and operational benefits. Besides, using an ESS can offer
remarkable economic benefits by charging when electricity prices are low and discharging when electricity is expensive. The use
of EVs as mobile ESS enables more effective use of the grid thanks to the load shifting operation. The main aim of evaluating the
different quantities of EVs in different cases is to reveal the economic and operational benefits on the grid by having opportunity

to use different storage capacities.

Table 1. Line parameters of the distribution system considered

Line From To R [pu] X [pu]
L1 2 1 0.00071 0.00036
L2 3 2 0.00017 0.00009
L3 4 3 0.00153 0.00051
L4 4 5 0.00035 0.00012
L5 5 6 0.00133 0.00044

Table 2. EV parameters used in the calculation of the relevant energy consumption

Parameter EV Type-1  EV Type-2
Mass 1360 kg 3000 kg
Mass factor 1.05 1.05
Coefficient of rolling resistance 0.02 0.0126
Air density 1.225kg/m> 1.225 kg/m?
Vehicle frontal area 2 m? 3.4m’
Aerodynamic drag coefficient 0.5 0.47
Wind speed 0 m/s 0m/s
Road slope angle 0° 0°
Gravity of Earth 9.8 m/s? 9.8 m/s?
Efficiency of EV 0.9 0.9

Table 3. EV & ESS parameters for energy exchange

Parameter EV Type-1 EV Type-2 ESS
CEEV 0.95 0.95 0.95
DEEV 0.95 0.95 0.95
REV:<h 25 kW 75 kW 75 kW
REV.dis 25 kW 75 kW 75 kW
SOEEV:in 60 kWh 60 kWh 250 kWh
SOQEEV-min 25 kWh 25 kWh 50 kWh
SQEEVmax 100 kWh 200 kWh 400 kWh
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3.2. Results
In order to determine the benefits of the proposed model, five different cases are considered:
= Case 1: 15 type-1 EVs are available in the parking lot.
= Case 2: 30 type-1 EVs are available in the parking lot.
= Case 3: 15 type-2 EVs are available in the parking lot.
= Case 4: 30 type-2 EVs are available in the parking lot.

= Case 5: 15 type-2 EVs are available in the parking lot. RES and ESS are included.

A time granularity of 10 min (i.e., 0.166 h) is used in all five cases. General Algebraic Modeling System (GAMS) version 25.1.3
is used to test the constrained optimization algorithm and MOSEK solver is used to solve the problem. The average solution time
is 0.3 seconds on a 2.21 GHz, quad-core i7-8750H processor PC with 16GB of RAM. The stopping criteria and the iteration limit
are chosen 1.0e-6 and 1000000, which are the MOSEK solver's default values, respectively. The algorithm produces the optimal
results without reaching the termination limits, which indicates that reliable results are obtained in terms of the accuracy.

In Case 1 and Case 2, the same type of EVs with a maximum capacity of 100 kWh is used for VG operation. The only difference
between these two cases is the number of EVs used. In Case 3 and Case 4, it is assumed that the EV has a capacity of 200 kWh. In
these five cases, the benefits of EVs that have different specifications and numbers on the grid supporting operations are
investigated. In all cases, it is aimed to optimally reduce the energy drawn from the transformer in the peak energy time interval
by connecting the EVs to different buses where the load values of each bus are shown in Fig. 3.

As shown in Fig. 4, Case 1 and Case 2 are effective in stabilizing the energy drawn from the grid during the test period. Between
09:00 am and 11:30 am, it is observed that the load curve moves upwards due to the charging operations of the EVs. Since the
number of EVs in Case 2 is more than Case 1, it causes more power demand for charging. In both cases, the charged energy is used
to supply the electrical grid at bus nodes that are determined by the optimization algorithm between 2:40 pm and 6:40 pm. Especially
in Case 2, the difference between the minimum and maximum values of load curve is noticeably reduced, which enables the grid
to be more efficient and to have a higher capacity utilization rate. In determining the connection points of the EVs, the power
demand of the bus and the energy that the EV will consume while reaching the bus are taken into account. Using the values given
in Table 2 and Egs. (18) - (25), the amount of the energy required for the EVs to travel to different bus nodes is calculated as shown

in Table 4.
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Table 4. Energy consumption of the EVs to travel towards the buses

EV Type-1 (kWh) EV Type-2 (kWh)
Bus 1 7.082 10.959
Bus 2 6.668 10.335
Bus 3 15.204 23.991
Bus 4 3.230 4.923
Bus 5 10.685 16.567
Bus 6 17.060 26.709
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The objective function of the constrained optimization algorithm determines the number of the EVs connected to the buses in
order to minimize the energy drawn from the grid during the peak energy period by taking the values in Table 4 into account. The
values determined for Case 1 and Case 2 are shown in Fig. 5 (a) and (b), respectively. In Case 1, 15 type-1 EVs are dispatched to
Bus 1, Bus 2, Bus 4 and Bus 5 and the quantities of the EVs are 6, 6, 2 and 1, respectively. As each bus has six sockets for these
cases, a maximum of six EVs can be connected. In determining the number of EVs going to the bus nodes, the optimization
algorithm takes into account the energy demand of each bus node and the amount of energy to be spent to reach these nodes. For
Case 1, the maximum number of EVs are connected to Bus 1 and Bus 2. Likewise, for Case 2, the maximum number of EVs are
connected to Bus 1, Bus 3, Bus 5 and Bus 6.

After the travel period, EV’s battery is charged to be efficient at the peak period. The power demand of consumers is variable
throughout the day. The low demand period is the best time to charge EVs. For Case 1 and Case 2, the values of the only four EVs

randomly selected are shown in Fig. 6, Fig. 7, Fig. 8 and Fig. 9 for the sake of the brevity.

Number of EVs

1 2 3 Bus 4 5

(@

(9]

Number of EVs

Bus

(b)

Fig. 5. The number of EVs connected to the buses for (a) Case 1 (b) Case 2.
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Compared to Case 1 and Case 2, the EV type with larger capacity is used for operations in Cases 3 and 4. While the power
demand of the consumers remains the same, the change in the specifications of the EV causes great changes in the amount of energy
drawn from the grid. The energy supplied by the grid during the test period for Case 3 and Case 4 is shown in Fig. 10. It is obviously
observed that quantity of EV is important for economic and reliable system management. In Case 3, it can be said that the optimal
operation is possible with the decided quantity of EVs. However, in Case 4, the peak energy period of the curve is changed due to
the high energy demand of EVs.

The power demanded, the power the EV can provide and the amount of energy required to travel to any bus have a significant

effect on the number of EVs to be connected to the different buses. For Case 3 and Case 4, the distribution of the EV fleet to the

buses is shown in Fig. 11 (a) and (b), respectively.

900

800

700

— 600

<

= 500

=

= 400

20

5 300

c

w200

100
0
E E E E E E E E E E E E E E E E E E E E E E E E E
C @© © © ®© © O O O O O O 90 O 9 0 0 9 0 0 0 9 o o o
O O O O O O O O OO O O O O O OO OO0 O o o o o o
O MO MO MO MO MO MO MO MO MO MO ™mMO™MO
D DN OO +d A NANHAA@ANANOMOMS < I © 6 RN N B 0 N
O O d A — — A

Time of the day
Case3 Caseld e |0ad

Fig. 10. The energy supplied by the grid during the test period for the Case 3 and Case 4.
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Fig. 11. The number of EVs connected to the buses for (a) Case 3 (b) Case 4.

For Case 3 and Case 4, the battery characteristics of randomly selected EVs are shown in Fig. 12, Fig. 13, Fig. 14 and Fig. 15.
Compared to the first two cases, it is seen that more energy is stored due to the large capacity of the battery. In order to charge and
discharge the larger capacities in the same time interval, the charging stations with high instantaneous power are used.

For Case 1 and Case 2, the instantaneous charging and discharging powers are around 20kW while for Case 3 and Case 4, these
values are around 60kW and 40kW, respectively. Lastly, it can be seen that the increase in the number of EVs reduces the load on
the grid. In particular, the number and battery capacity of EVs evaluated in Case 3 achieve greater improvement in the load curve
than in the other cases. Besides, when the Peak-to-Average Power Ratio (PAPR) values of all cases are compared, it is seen that
Case 3 outperforms the other cases. The calculated PAPR values are 1.1578, 1.1593, 1.1469, 1.3295 and 1.2274 for Case 1, Case
2, Case 3, Case 4 and Load Curve, respectively. The fact that the EV fleet in Case 4 might demand more energy from the grid causes
the peak time to change in the load curve. At the same time, due to the higher peak value in Case 4, the largest PAPR value calculated
in Case 4. EVs reduce the difference between the minimum and maximum points of the power curve by performing valley filling

and peak shaving with charging and discharging operations in different time periods. The flattening of the load curve indicates the
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possibility of an increase in the capacity utilization rate. It allows to ensure system reliability and sustainability by avoiding the new
investments with high costs. This provides a more efficient system in terms of investment costs and benefits. The energy that the
EV supplies to the grid is shown in Table 5 for all cases.

The results obtained show that the EV fleet is used flexibly since it belongs to the distribution company, i.e., it can be used at
any time period and in any place with a required capacity, differently from shared ESSs. Therefore, the EV fleet can be managed
according to the short-time and seasonal load changes in the form of fleet expansion or contraction. In addition, considering that

the capacity and location of the shared ESS are fixed, it is obvious that the proposed system brings an advantage in terms of costs.
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Fig. 12. Battery outputs of EV 8 that is connected to Bus 1 during the test period for Case 3.
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Fig. 13. Battery outputs of EV 6 that is connected to Bus 5 during the test period for Case 3.
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Table 5. Energy consumption values

Energy drawn from grid during

Energy supplied by EV during

peak energy period peak energy period
(kWh) (kWh)
Case 1 34851.837 739.427
Case 2 33783.087 1624.133
Case 3 33426.837 2406.945
Case 4 30933.166 5000.360
Case 5 30620.773 2340.467
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As another important issue, it should be noted that the battery aging and operating costs of the EVs should be taken into account
in determining the charge and discharge periods of the EV fleet. Thus, the EV fleet is used only for the time intervals where needed
instead of more frequently usage that might also provide some benefits. Moreover, the unnecessary operation of the EVs is prevented
since the energy required to travel to a bus and the power demand of the bus are taken into account before any EV is connected to

the related bus. Besides, the line losses are reduced as the load demand is supplied from the closest bus thanks to the VG operations.

In Case 5, in addition to an EV fleet with 15 type-2 EVs, RES and an ESS are added to the network. It is assumed a renewable
energy power plant and an ESS are connected to each bus node. The generated power values of the power plants considered are

shown in Fig. 16.

Besides, each bus node is equipped with an ESS with a capacity of 400 kWh in Case 5. In order to evaluate the effects of the
ESSs on the system, the constraints (29-33) are added to the optimization algorithm where (29) and (30) represent the charge and
discharge power constraints, respectively and the SOE of the ESS at each bus node is calculated by Eq (31). Also, the constraints
and initial values of SOE are expressed by Egs. (32) and (33). The energy exchange parameters of the considered ESSs are given

in Table 3.

0< Pf'tSS,Ch < RiESS,Ch Vi,t (29)

0< PESS,diS < RiESS,diS Vi,t (30)

=it =

PESS,diS
SOEESS = SOEESS ) + <CEESS -pSR 2 ) -AT vt

i DEESS (31)
SOEFSS™™ < SOEFSS < SOEFSS™ vi, ¢t (32)
SOEESS = SOE[SS™ vi (33)

The energy drawn from the grid in Case 5 is shown in Fig. 17. Compared to Case 3, which was the best case among the previous
cases, there is no significant change in the charging period. However, it is seen in Case 5 that the energy drawn from the grid is less

than Case 3, which implies a more effective peak shaving operation. Besides, in this case, the PAPR value is calculated as 1.1727.

The power curves of the charging and discharging operations of the ESSs are shown in Fig. 18 and Fig. 19, respectively. Also,
the change in the SOEs of ESSs during the test period is shown in Fig. 20. Except for Bus 4, all the buses use their highest capacity
to obtain the maximum operational benefits from the ESSs. In Bus 4, it is seen that less amount of energy is charged and discharged

due to the relatively lower load demand.
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Fig. 20. The change in SOEs of ESSs during the test period in Case 5.
4. Discussion

There are technical, economic, regulatory and social barriers to the development of the V2G technology. In the near future, the
developments in the battery structures, charging infrastructures, power network design, data security and communication network
technology will facilitate the expansion of V2G operations. From an economic point of view, the decrease in EV purchase and
maintenance prices, the charging station installation costs and communication costs will support the spread of the V2G technology.
Synchronously with all these technological developments, it is necessary for the legislators to prepare the necessary market laws,
and in the social sense, the users who have confidence problems in V2G operations and who have anxiety about running out of

battery should be included in the system with incentives [30,31].
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The proposed constrained optimization algorithm aims to use EVs as mobile energy storage systems at appropriate times in
order to offer a more flexible, safe and efficient grid management. Besides, using EVs in VIfG mode prevents the distribution system
operator from facing any restrictions on the use of EVs. Due to the constraints imposed by the EV owners in the V2G mode, the
required amount of energy and quantity of EV may not be in use during the peak energy period of the electrical grid, which can be
stated as the main drawback of the V2G mode. The results prove that the use of EVs in VfG mode in the peak energy period is
beneficial in alleviating the overload on the grid.

Besides, in the real applications, distribution system operators already use mobile transformers and mobile batteries in the
situations such as planned maintenances, temporary capacity increases, system failures and natural disasters. Motivated by this fact,
it can be foreseen that the VfG technology including mobile batteries with different capacities would be used by the distribution
system operators to provide further operational benefits to the system operations. Furthermore, the widespread use of EVs and
increase in the charging and service points would make the VG technology one of the most applicable and effective options in near

future in the system operations during especially the peak load demand periods.

5. Conclusions

The constrained optimization algorithm minimizes the objective function by taking into account the energy demand of each bus
node and the amount of energy required to travel between them. The EV fleet is dispatched to the bus nodes determined by the
algorithm, not exceeding the maximum number of sockets. The best results are observed in Case 3 were 15 type-2 EVs each with
200-kWh batteries are included. Thanks to the valley filling and peak shaving operation of the EVs, the PAPR value for the load
curve decreased by 6.56% in Case 3. While there is a double difference between the minimum and maximum points in the load
curve, it is seen that the difference almost disappears and the curve becomes horizontal. Since the EVs in Case 4 have the highest
storage capacity, it provides the best discharging power performance that is 5000 kWh during the peak energy period. The large
amount of energy drawn from the grid to charge the EVs shifts the load curve upwards and causes the peak time to change. Thus,
the number and characteristics of EVs should be determined by considering the energy consumption between the parking area and
the bus node, and the load characteristics of the system.

As a future study, additional results can be obtained using the grid with different load profiles and the fleet of EVs with various
battery capacities by also improving the designed algorithm. In addition, the most suitable operating conditions can be determined

by taking the purchase, operation, maintenance and repair costs of the EVs into account.
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