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Integration of Electric Vehicles (EVs) and Renewable Energy Sources (RESs) into the electric power system
may bring up many technical issues. The power system may put at risk the security and reliability of
operation due to intermittent nature of renewable generation and uncontrolled charging/discharging
procedure of EVs. In this paper, an energy resources management model for a microgrid (MG) is
proposed. The proposed method considers practical constraints, renewable power forecasting errors,
spinning reserve requirements and EVs owner satisfaction. A case study with a typical MG including
200 EVs is used to illustrate the performance of the proposed method. The results show that the proposed
energy resource scheduling method satisfies financial and technical goals of parking lot as well as the
security and economic issues of MG. Moreover, EV owners could earn profit by discharging their vehicles’
batteries or providing the reserve capacity and finally have desired State Of Charge (SOC) in the departure
time.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of microgrid (MG) is proposed to improve the local
reliability and flexibility of electric power systems, which is
defined as a group of Distributed Energy Resources (DERs), loads,
and energy storage units. MG can operate in both gird-connected
mode and islanded mode [1]. The idea supporting the formation
of the MG is that a paradigm consisting of a cluster of distributed
generations and aggregated loads is adequately reliable and eco-
nomically viable as an operational electric system [2,3]. Due to
increasing shortage of the fossil fuel and the environmental con-
cerns, the governments are motivated to utilize renewable energy
resources. A MG combined with Renewable Energy Sources (RESs)
can be a preferable solution to the raised energy crises as well as
environmental concerns [4]. In a centralized controlled microgrid,
microgrid central controller (MGCC) makes bids of energy and
spinning reserve to electricity market based on forecasting of mar-
ket prices, renewable power output and load. Day-ahead determin-
istic unit commitment would be settled according to collected
information of market price, power forecasts and status of units.
In this way, MGCC settles the bids of energy and spinning reserve,
the setpoint of controllable DGs, the charging/discharging states of
energy storage system and the interruption of load. Moreover, the
dispatch and bidding strategy in MGCC should maximize the total
financial income of microgrid including revenue from electricity
market and local consumers subtracting operation cost of generat-
ing unit and payback cost of load curtailment [5].

On the other hand, Electric Vehicle (EV) is another important
component of electric power network in the near future. The wide-
spread deployment of EVs may introduce a solution to the world
fossil fuel shortage as well as the air pollution crisis [6,7]. The
emission reduction goal is achieved by proper and optimum utili-
zation of the EVs as energy storages and loads in power system
integrated with RESs [8–10]. Beyond these advantages, the antici-
pation of connection of EVs into the power network may bring up
many technical challenges that need to be addressed properly.
With the widespread adoption of EVs, the power system may face
significant challenges due to the huge electricity demand of these
loads [11]. Also, a MG is impacted by a growing penetration of EVs,
which represents a new dimension for MG management and huge
amounts of energy storage will be injected to the grid through
millions of EVs [12].

Vehicle-to-Grid (V2G) is a new concept related to an energy
storage technology that has the capability to allow bidirectional
power flow between a vehicle’s battery and the electric power grid
[13]. With V2G capability, the state of charge of an EV’s battery can
go up or down, depending on the revenues and grid’s demands.
Through V2G, EV owners can make revenue while their cars are
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parked; it can provide valuable economic incentives for EV owners.
On the other hand, utilities significantly support V2G by having
increased system flexibility and reliability as well as energy stor-
age for intermittent RESs such as wind and solar. In order to partic-
ipate in energy markets, aggregators integrate the large numbers of
EVs stored energy and submit their offers to the power market
[14,15]. In order to maximize customer satisfaction and minimize
grid disturbances, intelligent parking lots can be of great worth
[16,17]. In these type of parking lots, customers by providing the
desired parameters will charge their EVs and moreover, have the
opportunity to sell their stored energy to the local electric loads
or the upstream grid and earn money [18]. As the owners of EVs
usually use their vehicles in few hours during a day and their vehi-
cles stay in parking lots without using in the rest of the day, the
batteries of EVs can be considered as energy storage systems. So,
EVs can be considered as a new player to provide the reserve
capacity of the system. In [19], the mechanism of participating
EVs in spinning reserve market has been developed.

Some studies proposed an energy management system for
energy scheduling in a MG in order to realize the V2G concept.
Using a suitable control and energy dispatch strategy, the stored
energy in EVs’ batteries can enhance the stability of power grid,
mitigate peak loads and improve behaviors of intermittent renew-
able generation [20,21]. The randomness of the renewable energy
resources causes great difficulty in the planning of MGs, and is a
hot topic in MG design research [22–24]. Although generating elec-
tricity from renewable energy resources offer clean alternatives to
fossil fuels, they are uncertain and variable. Therefore, their large
scale integration into an electric power system poses challenges
to system operators and planners. Spinning reserve is one of the
important ancillary services that is essential to ensure the secure
and reliable operation of the power system with high penetration
of intermittent renewable generation [25,26].

Some recent literatures discussed about the EVs impacts on
power grids [27,28]. In [27], a method for determining the optimal
places of plug-in hybrid electric vehicles’ (PHEVs) parking lots
which provide V2G power as distributed generation has been pro-
posed. Utilizing an optimization algorithm to maximize the advan-
tages of using EVs’ batteries as energy storage systems in power
grids has been presented in [28].

In [16], the charge/discharge management of a fleet of EVs in a
smart parking lot has been carried out where the method aimed at
maximizing the state of charge (SOC) of each EV’s battery. The
charge/discharge strategy has been analyzed with and without
considering the constraint of batteries lifetime of EVs. However,
the charge/discharge scheduling of EVs in a parking lot without
considering the external electricity grid has only been taken into
account. Also, the capability of EVs in providing reserve capacity
has not been studied in this work.

In [29], an Estimation of Distribution Algorithm (EDA) to sche-
dule large number of EVs charging in a parking lot has been pro-
posed. The method optimizes the energy allocation to the EVs in
real-time while considering various constraints associated with
EV battery and utility limits. The paper has only proposed charging
of EVs and the V2G option is not taken into account. The authors in
[30], proposed a Simulated Annealing (SA) approach and heuristic
technical validation of the obtained solutions to solve the energy
resources scheduling. A case study considering 1000 V2G units
connected to a 33 bus network managed by a Virtual Power Plant
(VPP) has been presented. In the model, EVs have been distributed
through the distribution network and there is no centralized park-
ing lot. In [27], wide use of aggregated EVs in parking lots has been
presented to overcome the small storage capacity of an EV. EV
parking lots are considered as new players whose roles are collect-
ing the EVs in order to reach high storage capacity from small bat-
tery capacity of EVs, affecting the grid. In [31], an optimization
problem of scheduling EV charging with energy storage for the
day-ahead and real-time markets has been proposed. Also, a com-
munication protocol for interactions among different entities
including the aggregator, the power grid, the energy storage, and
EVs was considered. The paper focused only on the scheduling
EV charging and discussed about utilization of EVs and energy sto-
rages together.

In traditional power systems, spinning reserve was generally
supplied by free capacity of committed generators. However, after
deregulation of the power system, in addition to the generation
units, some other resources, such as demand side resources and
aggregators can participate in the spinning reserve scheduling. In
this study, in addition to MG generation resources, electric vehicles
aggregator offers reserve capacity in order to provide the spinning
reserve requirement. The model presented here, in contrast to the
models from [14,32,33], uses intelligent parking lot as an aggrega-
tor to facilitate the managing of EVs, which as shown in [16] is a
more practical representation. Moreover, in this paper, the influ-
ence of forecast errors corresponding to renewable energy
resources is addressed.

In [34], an energy management algorithm for a grid-connected
charging park has been developed. The charging park involves
PHEVs as well as a photovoltaic system. The energy management
algorithm aimed at reducing the overall daily cost of charging
the PHEVs, mitigating the impact of the charging park on the main
grid, and contributing to shave the peak of the load curve. How-
ever, the capability of charging park in providing reserve capacity,
and compensating the intermittent nature of RESs has not been
taken into account.

To the best of our knowledge, no energy and reserve scheduling
model in which the EVs can participate in providing reserve capac-
ity in a MG has been reported in the literature. In addition, the inte-
gration of intermittent renewable generation and EVs charge/
discharge has not been considered in most of previous studies. In
this paper an intelligent parking lot is considered in order to aggre-
gate the stored energy of EVs. Moreover, the role of EVs in provid-
ing the reserve for compensating the renewable power forecasting
error is studied. The Proposed method considers system con-
straints and EVs owners’ preferences. Moreover, the elapsed time
of the EV’s battery life is taken into account as a criterion for mak-
ing decision. A weighting factor is also proposed to prioritize the
EVs charging/discharging procedures in the parking lot. The inno-
vative contributions of the proposed method are highlighted as
follows:

� Evaluate EVs participations in both energy and reserve
scheduling.
� Integrated scheduling and management of intermittent renew-

able generation and EVs in a MG.
� Using intelligent parking lot as an aggregator to facilitate inter-

action between EVs owners and microgrid operator.

The rest of the paper is organized as follows: in Section 2, sys-
tem topology is introduced. Section 3 presents the problem formu-
lation; including the resources and network constraints. A case
study and analysis of the results are shown in Section 4. Finally,
the most important conclusions of the work are presented in
Section 5.
2. System topology

This section presents a topology for the proposed MG including
an intelligent parking lot, multiple microsources such as photovol-
taic (PV) system, wind turbine (WT) system, microturbine (MT)
and fuel cell (FC), as shown in Fig. 1. In addition, there is a single
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point of connection to the upstream power network called point of
common coupling (PCC).

In order to serve the MG load demand, electrical power can be
produced directly by microsources within the MG or transmitted
from the upstream power system in grid-connected mode. The
MGCC is the main control interface between the upstream grid
and the MG. That has the main responsibility to optimize the MG
operation. In this paper an intelligent parking lot is also presented
that plays the role of an aggregator in order to facilitate the EVs’
participation in energy and reserve scheduling. This Sec-
tion presents details of the MG components as well as the charac-
teristic of renewable energy resources.

2.1. EVs parking lot

The proposed EVs parking lot compared to conventional ones
provides new opportunities for electric vehicle owners as well as
utility. This parking lot receives required parameters from each
EV owner, such as desired charging/discharging price limits,
approximate duration of presence in the parking lot, and the
elapsed time of the EV’s battery life. These parameters are consid-
ered as the input data. By receiving the elapsed time of the EV’s
battery life, an extra constraint is considered in the charging/dis-
charging scheduling of EVs. The proposed parking lot not only par-
ticipates in energy scheduling, but also could provide reserve as an
ancillary service. The information flow and architecture of pro-
posed intelligent parking lot in a MG is indicated in Fig. 2.

A weighting factor is also proposed within the model to priori-
tize the EVs in the parking lot that is defined as follows:

Wi;t
Ch / fRBCi;t ;pi

Ch;EV ;1=RTi;t;1=AOBig ð1Þ

Wi;t
Dch / fSOCi;t;pi

Dch;EV ;RTi;t ;1=AOBig ð2Þ

RBCi;t ¼ 1� SOCi;t ð3Þ
where Wi;t
Ch and Wi;t

Dch are the charge and discharge weighting factors
of the ith EV in period t, respectively; pi

Ch;EV and pi
Dch;EV are the

desired charging and discharging price limit of the ith EV, respec-
tively; RBCi,t and SOCi,t represent the remaining battery capacity
and the state-of-charge of the ith EV in period t indicated in
Fig. 3, respectively; RTi,t is the remaining time of charging/discharg-
ing period of the ith EV in period t; and AOBi is the age of the ith EV’s
battery which indicates the elapsed time of each EV’s battery life. As
the parameters in the charge/discharge weighting factor are not in
the same scale, they need to be normalized.

The status of available EVs in the parking lot is determined by
comparing the desired charging/discharging price limits and the
open market electricity price. Each EV parked in the parking lot
is situated at one of three charging/discharging/idle modes shown
in Fig. 4. The proposed flowchart depicted in Fig. 5 determines the
value of charging/discharging/idle mode ðMi;tÞ and the status of
contribution in the spinning reserve ðSRSiÞ of the ith EV in period t.
2.2. Renewable energy sources

The availability of the power supply generated from RESs
depends on the availability of the prime sources such as wind
speed and solar irradiance. The inherent intermittency and vari-
ability of a renewable energy resource located in MG introduces
challenges to the conventional operation method [35]. These
renewable energy resources tend to fluctuate dramatically depend-
ing on the time of day and corresponding to availability of their
prime sources. Such variability and uncertainty need to be care-
fully considered in MG energy management system design. Thus,
wind speed and solar radiation forecasting plays a critical role in
the secure operation of MG. In this paper, a time series model is
used to forecast the wind speed and solar radiation. More details
on time series technique and its features are available in [36].
Fig. 6 shows the time series results of the day-ahead forecast for
the wind speed and its measurements over a week. Fig. 7 shows
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the time series results of the day-ahead forecast for the solar radi-
ation and its measurements over a daytime. The high forecast
accuracy will be obtained using historical data. The collected data
over a year period is used in this study [37].

The wind power generation output can be considered as a func-
tion of wind speed [38]. A piecewise function can be used to fit the
relationship between the output power and wind speed. This func-
tion is given as follows:

Pt
W ¼

0 if : Vt < VC or Vt P VF

Vt�VC
VR�VC

� PR if : VC 6 Vt < VR

PR if : VR 6 Vt < VF

8><
>:

ð4Þ
where PR is the rated electrical power; VC is the cut-in wind speed;
VR is the rated wind speed; and VF is the cut-off wind speed.

In the PV system, the maximum power output is presented by
Eq. (5) [39].

Pt
PV ¼ g� S� Ið1� 0:005� ðTa � 25ÞÞ ð5Þ

where g is the conversion efficiency of the solar cell array (%); S is
the array area (m2); I is the solar radiation (kW/m); and Ta is the
ambient temperature (�C).

2.3. Fuel cell and microturbine

Distributed generation units connected near the energy con-
sumers comprise many technologies, such as fuel cells (FCs) and
microturbines (MTs) [40]. The MT has great flexibility in that
small-scale units can be combined together into larger systems
from few kWs to few MWs of power; also it has the environmental
advantage of low emissions. Similarly, FCs are quiet and environ-
ment friendly, and produce high energy efficiencies under varying
load rates [41].
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3. Problem formulation

The main goal of the proposed day-ahead scheduling model is
to minimize the MG total operation costs. In order to reduce the
risk caused by the intermittent renewable power, reserve capacity
should be used to compensate the renewable power forecasting
errors [42].

In the proposed model, it is assumed that the DGs and EVs
located in the parking lot provide the reserve requirements of
MG. The microgrid is generally designed based on delivering local
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energy that meets the exact needs of the constituents being served
almost independently [43–45]. So, the energy management system
tries to operate the microgrid more independently. Providing
reserve capacity by MG’s local generation increases the indepen-
dency of MG. On the other hand, purchasing reserve capacity from
the main grid in some hours may lead lower cost. However, in this
paper, the independency in providing reserve is taken into account
and it is supposed that a MG relies on its local resources rather
than the upstream grid for providing reserve capacity in order to
operate more independently. EVs parking lot receives desired
charging/discharging price limits, charging period, initial SOC,
and the elapsed time of the EV’s battery life from the EV owners
as the input data. These data is sent to MGCC in order to optimally
determine the charging/discharging mode of each EV at each per-
iod. The assumptions used in the proposed method are the follow-
ing ones:

� The MGCC is allowed to access the day-ahead electricity price
for following 24-h scheduling.
� The wind speed and solar radiation forecasts and their forecast

errors are received from nearest weather broadcast service.
� EVs’ owners send their information to intelligent parking lot for

placing their vehicles during the next day [46].

3.1. Objective function

The objective function consists of three components:

� The first component which belongs to the exchanged power
between the upstream grid and the MG.
� The second component which belongs to the transaction

between local dispatchable generators and the MG.
� The third component which belongs to the transaction between

the EVs and the MG.

The objective function (OBJ) that should be minimized is given
as follows:

OBJ¼
XT

t¼1

Pt
UG�pt

UGþ

XG

j¼1

ðCj;t
LDGþSCj;t

LDGþðSRj;t
LDG�wj;t

LDGÞÞþ

XN

i¼1

ð�Wi;t
Ch�Pi;t

Ch;EV�pi
Ch;EVþWi;t

Dch�Pi;t
Dch;EV�pi

Dch;EVþSRSi;t�SRi;t
EV�wi;t

EV Þ

0
BBBBBBBBB@

1
CCCCCCCCCA

�Dt

2
6666666664

3
7777777775

ð6Þ

where Pt
UG represents the exchanged power between the upstream

grid and MG in period t; pt
UG is the open market electricity price

in period t; Cj;t
LDG is the cost of scheduled power of the jth local dis-

patchable generator in period t; SCj;t
LDG is the start-up cost of the jth
local dispatchable generator in period t; SRj;t
LDG and wj;t

LDG are the
scheduled spinning reserve and reserve price provided by the jth
local dispatchable generator in period t, respectively; G is the num-
ber of local dispatchable generators located in the MG; Wi;t

Ch and
Wi;t

Dch are the charge and discharge weighting factor of the ith EV
in period t, respectively; Pi;t

Ch;EV and Pi;t
Dch;EV are the charged and dis-

charged power of the ith EV in period t, respectively; pi
Ch;EV and

pi
Dch;EV are the desired charging and discharging price of the ith

EV, respectively; SRi;t
EV and wi;t

EV are the scheduled reserve and reserve
price of the ith EV in period t, respectively; SRSi,t is the reserve sta-
tus of the ith EV in period t; N is the number of EVs which are
parked in the intelligent parking lot in period t; and T is the sched-
uled time period.

A linear cost function has been assumed for the generated
power cost ðCj;t

LDGÞ of the local dispatchable generators which is pre-
sented by Eq. (7). The start-up cost ðSCj;t

LDGÞ of the local dispatchable
generators are presented by Eqs. (8) and (9):

Cj;t
LDG ¼ Uj;t � aj þ bj � Pj;t

LDG;8t ð7Þ

SCj;t
LDG P ðUj;t � Uj;t�1Þ � UDCj;8t ð8Þ

SCj;t
LDG P 0;8t ð9Þ

where Pj;t
LDG is the scheduled power of the jth local dispatchable

generator in period t; aj and bj are the parameters of the jth local
dispatchable generator in period t; Uj,t is the binary variable which
shows on/off status of the jth local dispatchable generator in
period t; and UDCj is the start cost of the jth local dispatchable
generator.
3.2. Constraints

The minimization of the objective function is subjected to the
following constraints.

(1) MG power balance constraint:
Pt
UG þ Pt

W þ Pt
PV þ

XG

j¼1

Pj;t
LDG þ

XN

i¼1

Pi;t
Dch;EV ¼ Pt

Load þ
XN

i¼1

Pi;t
Ch;EV ;8t ð10Þ

This equation guarantees the power balance between power
generation and consumption within the MG.

(2) MG spinning reserve constraint:
The energy suppliers in the MG can offer both energy and spin-
ning reserve through bids [47]. During a sudden curtailment in
renewable power, the local dispatchable generators and the intel-
ligent parking lot are able to maintain the generation and con-
sumption balance.



Table 1
The main parameter values of the wind generator.

Gen.
type

Rated power
(kW)

Cut-in speed
(m/s)

Rated speed
(m/s)

Cut-out speed
(m/s)

Wind 500 3 12 30
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XG

j¼1

SRj;t
LDG þ

XN

i¼1

ðSRSi;t � SRi;t
EV ÞP ðxW � Pt

W þxPV � Pt
PV Þ;8t ð11Þ

where xW and xPV are the wind speed and solar radiation forecast-
ing errors, respectively. This equation guarantees the amount of
allocated spinning reserve to be equal or greater than the curtail-
ment in renewable power at each period of time.

(3) EV’s charger constraint:

Mi;t � Pi;t
Ch;EV 6 Pi

Ch;max;8t ð12Þ

Mi;t � Pi;t
Dch;EV þ SRSi;t � SRi;t

EV 6 Pi
Dch;max;8t ð13Þ

where Pi
Ch;max and Pi

Dch;max are the maximum charging and discharg-
ing power of the ith charger. These constraints determines the max-
imum charging and discharging rate that the charger can provide.

(4) SOC limits:

SOCi
min 6 SOCi;t

6 SOCi
max;8t ð14Þ

where SOCi
max and SOCi

min are the maximum and minimum SOC of
the ith EV, respectively. This constraint allows the SOC to vary
between predefined minimum and maximum SOC.

(5) Charging/discharging rate limits:

�DSOCi
max 6 DSOCi;t

6 DSOCi
max;8t ð15Þ

where DSOCi
max is the maximum allowable rate for charging/dis-

charging of the ith EV. The charging and discharging rate of battery
are limited by this constraint.

(6) Duration of presence in the parking lot:

Xti
d

t¼ti
a

jMi;t j ¼ Ti
p ð16Þ

where ti
a and ti

d are the arrival time and the approximate departure
time of the ith EV, respectively; Ti

p is the approximate duration of
presence of the ith EV in the parking lot. This constraint allows
the MGCC to schedule the charging and discharging of each EV
while they are available at the parking lot.

(7) The number of switching between charging and
discharging:
The maximum number of switching between charging and dis-

charging is determined by the elapsed time of the EV’s battery life.

Di
6 Nmax ð17Þ

where Di represents the number of switching between charging and
discharging modes during parked period; Nmax is the maximum
number of switching between charging and discharging modes.

(8) Battery charging constraint:

Mi;t � Pi;t
Ch;EV � gG2V � Dt 6 RBCi;t�1 � Capi;t ;8t ð18Þ

where gG2V is the EV’s battery charging efficiency. This constraint
limits the charging power of each EV based on the remaining bat-
tery capacity in each period of time.

(9) Battery discharging constraint:

ðMi;t � Pi;t
Dch;EV þ SRSi;t � SRi;t

EV Þ � 1=gV2G � Dt

6 SOCi;t�1 � Capi;8t ð19Þ

where gV2G is the EV’s battery discharging efficiency. This constraint
limits the discharging power and the scheduled reserve of each EV
based on the stored energy in each period of time.

(10) Departure SOC constraint:

SOCi
Departure P SOCi

Arrival þ DSOCi
FÞ ð20Þ

where SOCi
Departure, SOCi

Arrival and DSOCi
F are the departure SOC, initial

SOC and the required additional SOC at departure time of the ith EV,
respectively. This equation guarantees the departure SOC of each EV
to be equal or greater than the customer requirement. The required
additional SOC ðDSOCi

FÞ is determined by the EVs owners.
(11) Generation Limits:

Pj;t
LDG þ SRj;t

LDG 6 Uj;t � Pj
LDG;max;8t ð21Þ

Pj;t
LDG P Uj;t � Pj

LDG;min;8t ð22Þ

where Pj
LDG;max and Pj

LDG;min are the maximum and minimum genera-
tion of the jth generator in period t, respectively. The power gener-
ation of each generator always is kept between its minimum and
maximum power.

(12) Minimum up/down time constraints:

ðtj;t�1
ON �MUTjÞ � ðUj;t�1 � Uj;tÞP 0;8t ð23Þ

ðtj;t�1
OFF �MDTjÞ � ðUj;t � Uj;t�1ÞP 0;8t ð24Þ

where tj;t
ON and tj;t

OFF are the duration for which the jth generator had
been continuously up and down till time step t, respectively; MUTj

and MDTj are the minimum up and down time of the jth generator,
respectively.

(13) Transmitted power limits:

jPt
UGj 6 Pmax

UG ð25Þ

where Pmax
UG is the maximum possible value for transmitted power

between MG and the upstream grid.
The proposed model is solved using mixed integer linear pro-

gramming (MILP) solver CPLEX under GAMS on a Pentium IV,
2.6 GHz processor with 4 GB of RAM.

4. Simulation and discussion

The proposed method was applied to a typical MG illustrated in
Fig. 1. Forecasting techniques based on time series method used to
obtain the forecast wind speed and solar radiation of a chosen day
[48]. Moreover, their forecasted errors are also considered in the
proposed method. The spinning reserve requirement to accommo-
date RESs uncertainty is assigned to 20% of the hourly predicted
output powers of renewable generation [35].

The main parameter values of the wind turbines and the PV sys-
tem are taken from [49] and are illustrated in Tables 1 and 2,
respectively. The forecasted wind speed and solar radiation data
were taken from Iran meteorological organization and shown in
Figs. 6 and 7, respectively [37]. Then the output of the wind gener-
ator can be obtained by Eq. (4) and the PV power is calculated by
Eq. (5). They are shown in Fig. 8. The forecasted load is also shown
in Fig. 8. The renewable power curve is the total power supplied by
the PV and wind generator. There are two MTs and one FC in the
MG and the details are shown in Table 3.

The intelligent parking lot is located in the MG with capacity of
200 EVs. The Arrival and departure times of EVs are assumed as
random variables. The intelligent parking lot is supposed to be
located in the commercial feeder. Based on a statistical study on
some parking lots on weekdays in Tehran city carried out by
authors, the hourly parking utilization illustrated in Fig. 9 has been
obtained. However, the stochastic behavior of EVs’ owners in the
presence of incentives is not considered in this study and it is
assumed that the EVs owners carry out charge/discharge in a



Table 2
The main parameter values of the PV panel.

Gen.
type

Conversion efficiency
(%)

Array area
(m2)

Ambient temperature
(�C)

PV 15.7 1500 25
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Fig. 8. Forecasted MG demand, wind and PV power.

Table 3
Local dispatchable generators data.

Gen. Gen.
type

a b Pmin Pmax MUT MDT tON/tOFF UDC
($) ($/kW) (kW) (kW) (h) (h) (h) ($)

1 MT 20 0.15 150 700 3 3 4 100
2 MT 40 0.25 100 450 2 2 �6 20
3 FC 90 0.45 50 300 1 1 �8 20
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Fig. 9. The statistical parking utilization information.

Table 4
The relation of AOB and the maximum number of switching between charging and
discharging.

Age of the battery (year) AOB < 4 4 6 AOB < 6 6 6 AOB < 8 8 6 AOB

Maximum number of
switching between
charging and
discharging (Nmax)

8 6 4 2

Table 5
The hourly electricity price in the open market.

Hour Price ($/kW h) Hour Price ($/kW h)

1 0.033 13 0.215
2 0.027 14 0.572
3 0.020 15 0.286
4 0.017 16 0.279
5 0.017 17 0.086
6 0.029 18 0.059
7 0.033 19 0.050
8 0.054 20 0.061
9 0.215 21 0.181
10 0.572 22 0.077
11 0.572 23 0.043
12 0.572 24 0.037
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Fig. 10. The hourly scheduled electricity demand of the intelligent parking lot.
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Fig. 11. Average SOC for existing EVs in the intelligent parking lot.
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scheduled time [50]. The stochastic character of EVs’ owners and
probabilistic nature of arrival and departure time of EVs will be
considered by the authors in a future work.

In this paper, the EVs parking lot prioritizes the charging/dis-
charging procedure of each EV considering its arrival time, approx-
imate duration of presence in the parking lot, open market pricing
signal, and price offers of other EVs. After that the classified data
sent to the MGCC and the main controller uses the received data
to optimally schedule the MG resources.

There are several types of electric vehicles in the market with
various battery capacities from 8 kWh to 48 kWh [51]. In this
paper, all electric vehicles supposed to be Chevy Volt [52] which
it is an average electric vehicle with 16.5 kWh battery capacity.
However, different types and sizes of batteries can be taken into
account by the proposed method.

Table 4 presents the relationship between the age of the battery
(AOB) and the number of switching between charging and dis-
charging. For example, old batteries have the lowest number of
switching between charging and discharging mode.

The initial SOC of each EV is considered as a continuous uniform
random number between 0.1 and 0.7. The arrival time is assumed
between 6:00 AM and 6:00 PM. Also, the approximate duration of
presence in the parking lot is considered as a continuous uniform
number between 2 and 8 h.
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The charging price that the EV owners is willing to pay is con-
sidered as a continuous uniform random number between 0.15
and 0.3 $/kW h. The discharging price that the EV owners is willing
to sell the stored energy is considered as a continuous uniform ran-
dom number between 0.25 and 0.4 $/kW h. The sample time (Dt) is
set to 1 h since it is a reasonable decision making time for 200 EVs.
Table 5 provides the hourly electricity price of the open market.
The spinning reserves of DGs are priced at a rate equal to 20% of
their highest marginal cost of the energy production [53]. The
EVs offer reserve at a price equal to 10% of their desired discharging
price.

In order to analyze the robustness of the proposed energy and
reserve model, the problem is addressed in three scenarios:

� Scenario 1: In this scenario the intelligent parking lot does not
contribute in both energy and reserve scheduling and only plays
a role as a variable load; the required spinning reserve is pro-
vided by local dispatchable generators.
Table 6
The spinning reserve scheduling provided by the intelligent parking lot and local dispatch

Hour Scheduled Spinning Reserve (kW)

Local dispatchable generators

MT 1 MT 2
Scenario Scenario

1 2 3 1 2 3

1 63.7 63.7 63.7 � � �
2 37.8 37.8 37.8 � � �
3 37.8 37.8 37.8 � � �
4 29.0 29.0 29.0 � � �
5 49.8 49.8 49.8 � � �
6 54.4 54.4 54.4 � � �
7 93.8 93.8 93.8 � � �
8 94.8 94.8 94.8 � � �
9 83.9 83.9 � � � �
10 � � � � � �
11 � � � � � �
12 � � � � � �
13 � � � 136.5 136.5 �
14 � � � � � �
15 � � � 126.5 126.5 �
16 � � � 100.6 100.6 �
17 94.0 94.0 94.0 � � �
18 76.0 76.0 76.0 � � �
19 79.6 79.6 79.6 � � �
20 71.2 71.2 71.2 � � �
21 36.3 36.3 2.7 � � �
22 56.8 56.8 56.8 � � �
23 49.8 49.8 49.8 � � �
24 58.9 58.9 58.9 � � �
� Scenario 2: In this scenario the intelligent parking lot contribute
in the energy scheduling via V2G option but still doesn’t partic-
ipate in the reserve scheduling and the required spinning
reserve provided only by local dispatchable generators.
� Scenario 3: In this scenario the intelligent parking lot contrib-

utes in both energy and reserve scheduling and the required
spinning reserve provided by both the EVs and local dispatch-
able generators.

The intelligent parking lot scheduled power and its average SOC
for existing EVs in these scenarios are shown in Figs. 10 and 11,
respectively. During hours with lower electricity prices, the charg-
ing amount has been increased in scenarios 2 and 3 rather than the
one in scenario 1 due to the capability of EVs in order to sell the
stored energy to the upstream grid. In addition, a comparison
between scenarios 3 and 2 shows that in scenario 3, the sold
energy of the intelligent parking lot decreased briefly because a
specific amount of energy should be stored in the EVs’ batteries
due to provide reserve. In scenarios 1 and 2, MT1 provides spinning
reserve during off-peak hours while MT2 and FC provide spinning
reserve during peak hours. So, some of the MTs and FC capacity are
allocated in order to provide reserve and the required energy
should be purchased from the upstream grid with high prices; it
increases the MG operation costs. In the third scenario, similar to
the scenarios 1 and 2, MT1 provides spinning reserve during off-
peak hours. However, in peak hours, the EVs provide the required
reserve for the MG with fewer prices.

Fig. 12 shows the exchanged power between the upstream grid
and MG as well as scheduled power of local dispatchable genera-
tors in these three scenarios.

Table 6 shows the spinning reserve scheduling provided by the
intelligent parking lot and local dispatchable generators. In scenar-
ios 1 and 2, MT1 provides spinning reserve during off-peak hours
while MT2 and FC provide spinning reserve during peak hours.
So, some of the MTs and FC capacity are allocated to reserve and
the required energy should be purchased from the upstream grid
able generators.

FC Intelligent Parking Lot
Scenario Scenario

1 2 3 1 2 3

� � � � � �
� � � � � �
� � � � � �
� � � � � �
� � � � � �
� � � � � �
� � � � � �
� � � � � �
� � � � � 83.9
80.2 80.2 � � � 80.2
116.7 116.7 � � � 116.7
98.6 98.6 � � � 98.6
� � � � � 136.5
113.3 113.3 � � � 113.3
� � � � � 126.5
� � � � � 100.6
� � � � � �
� � � � � �
� � � � � �
� � � � � �
� � � � � 33.6
� � � � � �
� � � � � �
� � � � � �



Table 7
MG total cost in three scenarios.

Scenario Total cost

1 5931.18
2 5561.16
3 5472.01
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with high prices; it increases the MG operation costs. In the third
scenario, similar to the scenarios 1 and 2, MT1 provides spinning
reserve during off-peak hours. However, in peak hours, the EVs
provide the required reserve for the MG with fewer prices.

Table 7 shows the MG total operation cost in these three scenar-
ios. In scenario 1 which the intelligent parking lot only plays a role
as a controllable load, the total operation cost is $5931.18. In the
second scenario which the intelligent parking lot allows the MGCC
to use V2G option and the spinning reserves are only provided by
the local dispatchable generators, the total operation cost is
$5561.16. In the third scenario which the intelligent parking lot
participates in the both energy and reserve scheduling, the total
operation cost is $5472.01. By comparing scenario 3 with scenarios
1 and 2, the conclusion can be drawn that the total daily operation
costs reductions are about 8.4% and 1.6%, respectively.

As shown in Fig. 10, in the first scenario the parking lot purchases
electricity during off-peak hours while the EVs are situated in idle
mode during peak hours. However in the last two scenarios the park-
ing sells the EV’s stored energy to the grid during peak hours while
during off-peak hours it purchases electricity from the grid. In the
last scenario, the software of the intelligent parking lot involving
the EVs with older batteries in the reserve scheduling in order to
reduce their switching between charging/discharging mode and
with this strategy helps to increase the EVs’ battery lifetime [54].

In the scenarios 2 and 3, when the electricity price is high, it is
preferred to sell the electricity stored in EVs to gird. The parking
load increases dramatically at 14:00 and 18:00, due to high elec-
tricity prices between 11:00�13:00 and 15:00�17. So, all of the
EVs tend to sell energy to the grid and the average SOC of the exist-
ing EVs in the parking decrease significantly. On the other hand, by
approaching the final hours of EV’s presence in the parking lot and
low electricity prices, the mode of the most EVs are changed to
charging mode; therefore, a peak load is appeared at 14:00 and
during hours 18:00–21:00.

In Scenario 3 comparing with scenario 2, the sold energy of the
intelligent parking lot decreased because a specific amount of
energy should be stored in the EVs’ batteries because of providing
reserve.
5. Conclusion

In this paper, a new energy resources scheduling for a MG con-
sisting of renewable generation and EVs has been proposed. The
intelligent scheduling and control of charging and discharging of
EVs introduces a great opportunity for evolving a sustainable inte-
gration of electrical and transportation system. Through V2G, EVs’
owners can make revenue while their cars are parked; it can pro-
vide valuable economic incentives for EV owners. In addition, util-
ities significantly support V2G capability and benefit from
dispersed energy storages in the grid. Simulation results evidenced
that the use of intelligent parking lot for managing of the charging/
discharging of EVs has eliminated the risk of an electricity demand
growth during the peak load of the network. The proposed model
helps the IPL to play a role as an aggregator in order to collect
the dispersed EVs in an accumulated area and manage their energy
demand and provide a proper V2G infrastructure for them in order
to sell the stored energy or provide the required spinning reserve.
In the proposed model, the EVs charging/discharging strategy for
implementing in an intelligent parking lot has been also presented.
The economical and technical aspects of EVs charging/discharging
were simultaneously taken into account. As, the renewable power
forecasting errors led into serious risks for the power system, The
proposed model scheduled reserve in order to eliminate generation
and consumption mismatch. In this paper, spinning reserve is pro-
vided by local dispatchable generators and intelligent parking lot.
The proposed model helps the intelligent parking lot to play a role
as an aggregator in order to collect the dispersed EVs in an accu-
mulated area and manage their energy demand to prevent unex-
pected overloads or power mismatch in the power system. The
results showed that the charging was carried out during the hours
with lower electricity prices while during the hours with higher
electricity prices the proposed model preferred to discharge the
EVs to sell the stored energy or provide the required spinning
reserve. Also, considering the lifetime of battery as an important
parameter affected the charging/discharging scheduling of EVs as
well as ancillary service scheduling.
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