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Abstract—This paper proposes a comprehensive model for the
interactions of the plug-in electric vehicles (PEVs) involved
parties. An aggregator with mixed resources is assumed to be the
interface between the parking lot (PL) and the upstream energy
and reserve markets. On the other hand, the interactions of the
PEV owners and the PL are also modeled as they impose
restrictions to the PL’s behavior. Therefore, a bilevel problem is
constructed where in the upper-level the objective of the
aggregator is to maximize its profit through its interactions and
in the lower-level the PL maximizes its own profit limited to the
preferences of PEVs. The objectives of the upper and lower level
are contradictory; hence, an equilibrium point should be found to
solve the problem. In this regard, the duality theorem is
employed to convert the bilevel model to a mathematical
program with equilibrium constraints (MPEC). The model is
implemented on the IEEE 37-bus network with added distributed
generations (DGs). Various cases are thoroughly investigated and
conclusions are duly drawn.

Index terms—Aggregator, energy and reserve markets,
mathematical programming with equilibrium constraints
(MPEC), parking lot (PL), plug-in electric vehicle (PEV).

NOMENCLATURE

Capital letters denote parameters and small ones denote
variables.

Subscripts

j. k Bus number

l Power line

m DG number

t Time interval

W Scenario and scenario set
Superscripts

Agg Aggregator

Aux Auxiliary variable

ar Arrived PEVs to the PL
cha Charging mode

D Demand

dcha Discharging mode

del Delegated energy (probability of reserve call)
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Departed PEVs from the PL
Distributed Generation

Distribution system operator

Energy delivery to demand

Energy purchase from DG

Energy Market

Extra payment for V2G participation
Electric vehicle

Fixed SOC requirement

Flexible SOC requirement

Grid to Vehicle

Interruptible load

Power injected into the system or the PL
Incentive payment to interruptible loads
Distribution Lines

Lower level problem

Power loss

Output energy from PL

Parking Lot

Reserve

Reserve Market

Scenario

Tariff from PEV owners entering PL
Trade with Market

Trade with PL

Total amount of demand

Time of Use

Upper level problem

Vehicle to Grid

Maximum and minimum amount of a variable
Expected value of a variable
Identification of variable on the selected node
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Capacity of a PL (kW)

Cost of equipment degradation

Forced outage rate (%)

Line current (A)

Number of parked PEV's

Active power (kW)

Reactive Power (kVar)

Reserve (kW)

Resistance and reactance of a line (€2)

Binary variable indicating the site of resources
State of Charge (kWh)

Variable for linearizing the conditional term
Percentage of interruptible load from total
demand

Coefficient determining the share of each PEV
category from hourly vehicle departure
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6 Coefficient determining the share of each PEV
category from total PEVs in the PL in each hour
Coefficient determining the minimum departure
SOC requirement of each PEV category

r Charge/Discharge rate

Probability
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Dual variable for equality constraints

Dual variable for lower and upper limits in
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I. INTRODUCTION

A.  Motivation and Aim

lectrification of transportation is an emerging trend in

power system studies, traffic planning and urban studies.

Penetration of electric vehicles in everyday life has several
aspects that should be dealt with. Deployment of plug-in
electrical vehicles (PEVs) not only affects the operation of the
power system, but also imposes some necessary interactions
that have not existed in the system before. These interactions
regard the technical impacts of PEVs as well as economics,
traffic and allocation of PEVs and occur among all the parties
that are involved with the PEVs. The parties could be the
owners of the PEVs, the operator of the charging stations, the
distribution system operator (DSO), the urban planner, etc.

Vast penetration of PEVs in the system requires foreseeing
the necessary infrastructures. One of the recent solutions to
provide the needed platform for better utilization of PEVs is
the PEVs’ parking lot (PL). PLs provide a medium for the
PEVs to charge their batteries and an aggregated version of
PEVs to act as storage. The grid to vehicle (G2V) and vehicle
to grid (V2G) modes gives the PL the potential of being a
resource in the system as well as the flexible load. Therefore,
the PL will be a new party in the interactions of the PEV-
involved parties and will bring more conflicts and challenges to
the problem.

On the other hand, the traffic pattern of the area where the
PL is installed and the behavior of the PEV owners that use the
PL considerably affect the operation of the PL. The arrival and
departure pattern of PEVs and their stay duration influences the
PL’s behavior. Besides, their charging requirements impose
other restrictions to the PL operation. As a result, modeling the
PEVs behavior and their obligations’ effects on the PL’s
behavior is necessary for studying the transactions of the PL
and the market. Confronting with the above-mentioned
challenges, the aim of this paper is to investigate the
interactions of the PL in the market place affected by the
PEVs’ preferences in a mixed resource environment.

B. Literature Review

The subject of PEVs has been the focus of many recent
studies; however, the literature related to the subject of this
paper can be categorized into three groups: The first group
which covers the introduction of PEV aggregator as a new
entity to the power system; the second group that considers the
market participation of PEVs through an aggregator and the
third one that investigates the interaction of PEVs in a PL.

As for the first category, the preliminary impressions of
agents for PL were brought by Kempton [1] indicating that the

presence of an agent is necessary for the operation of PEVs in
the system; Lopes [2] encouraging the aggregation of the PEVs
in order to have a considerable effect on the system is
inevitable; Guille [3] that proposed the aggregator as a critical
entity to enable the V2G operation of EVs. A comprehensive
survey on EV aggregation can be found in [4]. The real-time
regulation allocation on EV aggregators is presented in [5] with
welfare-maximization objective. Jin et al. in [6] reported an
optimized EV charging schedule through an aggregator while
considering the aggregator’s revenue and the EVs’ charging
demand. In [7], the scheduling of EVs by aggregators to take
part in V2G regulation is studied where the forecast of
schedules based on the uncertainties of EVs is performed by
multi-level aggregators.

Regarding the second category, a considerable number of
available studies have dedicated the focus of their study to the
integration of EV's into marketplace through aggregators. Bessa
et al. in [8] introduce an EV aggregation agent and propose an
optimization approach for the agent to bid and participate in
day-ahead and reserve markets. However, it considers
individual EVs plugged to the grid from charging stations and
the aggregator controls the EV charging for specific time
duration based on the contract between each EV and the
aggregator. The authors also investigated the model for hour-
ahead market in [9] as well as the manual reserve, not
considering the V2G mode though. In [10] a coordination
approach between EV aggregator and system operator is
presented in both electricity market and ancillary services. The
authors in [11] developed a model for charging the EVs while
the aggregator trades with energy and reserve markets. In [11],
it is considered that the charging of EVs is optimized with the
presence of electric storage. However, it does not consider the
V2G mode of the EV operation. Similarly, in [12] a bidding
strategy for the stochastic behavior of EV aggregator is
acquired to participate in energy and regulation markets.
Reference [12] also considers the EVs to be operated in G2V
mode only and the aggregated EV potential is deployed as
regulation up/down. Li et al. in [13] used an EV aggregator
model in their locational marginal pricing method to alleviate
the congestion caused by EVs’ load. Although most of the
studies have only considered the G2V mode of the EVs to
participate in the electricity market, there are some studies that
consider the V2G mode. Sortomme and El-Sharkawi in [14]
and [15] developed a V2G algorithm for an EV aggregator to
participate in both energy and ancillary service markets.

The third group, however, regards another point of view in
EVs’ participation in power systems. The introduction of EV
PLs to the system has changed the features of PEV penetration
studies. Other than the problem of allocating PLs in the system
[16], [17], the effects caused by the procedure of
charging/discharging in the PL have been the matter of interest
in the literature. The reason is that, as firstly proposed by [18],
the utilization of EVs’ V2G mode can be facilitated by
deployment of PLs as an aggregated source of PEVs. Further
studies such as [19] - [21] addressed the V2G mode of PL.
However, the study on the simultaneous charging/discharging
of the PL is still very limited. Some studies such as [22] and
[23] have studied the management of the PL’s interaction,

The significance of this work comparing to the
abovementioned studies is that the market participation of the
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PL in both G2V andV2G mode has been considered while
most of the studies only considered the G2V mode or the
battery replacement procedure (especially first and second
group). Moreover, the PL as the aggregation of the PEVs is
different from a PEV aggregator because in the PL all the
PEVs’ location is fixed; hence, the vision of its market
participation should be treated differently from an aggregator.
On the other hand, as the PL has a limited capacity due to
restricted number of PEV stations, it may not be able to
participate individually in the market and should be examined
in a mixed resource environment.

In addition, the complex interrelation of the PL with other
PEV-involved parties such as PEV owners, aggregator, DSO,
etc. is not addressed by the third group studies discussed in the
literature review. Although these studies have somehow
considered the preferences of PEV owners, the contradictory
effects of the vehicle owners’ behavior on PL’s operation have
not been addressed.

C. Contributions

Considering the issues discussed in the previous
subsections, it is necessary to derive a comprehensive model
that could address all the possibilities and limitations of the
PL’s operation. The intention of this paper is to present the
model for the interactions of the PL with the market through an
aggregator while considering the restrictions that the
preferences of PEV owners impose to its behavior. The
increased level of flexibility due to the PL in the system is
investigated through its integrated operation with other
resources such as distributed generation (DG) and demand
response (DR). The impact of PEV owners’ preferences on the
PL’s operation is addressed. In addition, a novel and practical
framework to involve the PEVs’ preferences in the PL’s
operation is proposed.

The paper’s main contributions are:

1) To propose a model to impose the preferences of the
PEVs who use the PL based on their choice of G2V/V2G
mode, time of stay and their requirement of SOC on
departure time;

2) To model the interaction of PL with a mixed resource
aggregator based on a bilevel approach;

3) To investigate the effects of PEV preferences on
equilibrium point of PL and aggregator interaction.

D. Paper Organization

The rest of the paper is organized as follows. Section II
describes the various interactions of the components in a
distribution system with the PL and aggregator.
The mathematical formulation of the upper-level problem is
described in sections III, while the lower-level problem is
presented in section IV. The uncertainty of the PEVs behavior
in the PL is modeled in section V. The numerical results are
presented in section VI. A comprehensive discussion on the
role of PEVs preferences on the PL behavior is presented in
section VII. Finally, section VIII concludes the paper.

II. PROBLEM DESCRIPTION
As comprehensively discussed in the literature review,
numerous interconnections of PEVs should be managed
through the new entity of PEV aggregator. Although a PL is an

aggregated form of PEV, restrictions of its operation confine
the PL to compete independently in the market. However, the
potential of the PL as a resource in the system as well as its
nature of being a flexible load cannot be disregarded. In fact,
the special role of the PL as a prosumer in the system can be
best employed along with other available resources in the
system. Therefore, aggregating PL’s opportunities with other
resources such as DG and DR provides a suitable environment
for the aggregator to achieve a higher level of flexibility.

On the above premises, this paper proposes a model in
which an aggregator is the interface of local resources with the
market. The basic visual of such environment is shown in Fig.
1. In this environment, the PL participates in the market
through an aggregator which has to provide the required
demand for the load retailer. Another resource (DG) is also
present in the system to study the variations of price. The
aggregator combines all the resources in the local network to
maximize its profit when participating in the upstream energy
and reserve markets. However, each of the components that are
aggregated by the aggregator has its own objective and
restrictions that may have conflict with the objective of the
aggregator. Therefore, a bilevel problem is encountered in this
situation. In the upper-level (UL) problem, the objective of the
aggregator is to maximize its own profit through its interaction
with the upstream market on one hand and the energy and
reserve trade with the PL, energy purchase from the DG and
providing the required demand on the other. On the lower-level
(LL), the PL, the DG, and the load retailer are the components
who also want to maximize their profit. As a result, an
equilibrium point should be found for the operation of such
system. The interactions between the two levels of the model
are described in follows.

A. Aggregator-PL-PEV interactions

The PL provides the opportunity for the PEV owners to
charge their batteries and take part in the V2G mode if they are
willing to. The PL can act more efficiently in the market
compared to charging stations because it enables the
simultaneous G2V/V2G mode and it also benefits from the
longer stay of the PEVs in the PL. Consequently, it can have
the role of storage as well as flexible load in the system.
However, when operating a PL, it is necessary to consider the
preferences of the PEV owners. In some of the recent studies
on this subject, such as [24]-[26] the behavior of PEVs has
been considered pertaining their driven distance and state of
charge. However, the owners of these vehicles may also have
preferences other than the limitations of PEV.
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Fig. 1. Interactions of the components in the environment.
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Fig. 2. The sequence of interactions from PEV's to Market

In this study, it is assumed that the PEVs who enter the PL
restrict the PL’s behavior in the marketplace with their choice
on their participation as G2V or V2G. The reason is to consider
the owners concern on their battery degradation in V2G mode
or the probability of the sudden departure. In such cases, the
owners may not want to participate in the V2G mode to be sure
of adequate charge in their batteries for their next travel. Note
that by V2G mode, we mean that PEVs are willing to take both
G2V and V2G mode. For the sake of brevity, only the V2G
term is used for this type of PEVs. Moreover, it is assumed that
all PEVs specify a minimum amount of SOC of their batteries
at the time of departure from the PL; however, some of the
PEVs need a fixed amount of departure SOC while others
agree to have a flexible departure SOC and the only limit for
them is their minimum SOC. The reason for considering fixed
departure SOC is to take into account the possible contracts of
PEV owners with other PEV-aggregators which oblige them to
keep a specific portion of their capacity empty. Therefore, four
different categories of the PEVs enter the PL.:

e G2V mode with fixed departure SOC;

e G2V mode with flexible departure SOC;

e Both G2V, V2G mode with fixed departure SOC;

e Both G2V, V2G mode with flexible departure SOC.

Each of these categories and their requirements restrict the
PL in utilizing the total available capacity in the PL.

Figure 2 shows various interactions that occur from market
to PEVs through the aggregator and PL. As shown, two main
physical and financial interactions exist. The objectives of the
PL and the aggregator due to its interactions with PL are based
on financial transactions shown in Fig. 2. In each interface
(aggregator or PL) different prices are applied to the
transactions and are illustrated with different line types. As a
result, an equilibrium point should be found between all the
objectives

B.  Mixed Resource Environment

As a main feature of the forthcoming power systems and for
enabling the aggregator to have access to more resources, DGs
are also considered in the system. It is assumed that the DGs
offer their price and quantity to the aggregator, but they should
reach an equilibrium point in their trade. Hence, the price that
the aggregator buys the power from DG is the decision variable

Financial trade with
Equilibrium prices

Financial trade with
G2V/V2G prices

for the UL and the amount of power that DG should sell to the
aggregator is the decision variable for the LL.

All the end-users in the system are served by a load-retailer
which purchases the required amount from the aggregator. On
the other hand, the load-retailer can play with its capability in
providing the DR option. The DR option here is supposed to be
the interruptible load (IL) which is a definite percent of the
total demand. Therefore, the retailer has the opportunity to
reduce its total demand by IL when the aggregator increases
the demand price. On the other hand, it should consider paying
an incentive to the interrupted loads.

C. Approach for solving the problem

The problem discussed in this paper is a bilevel problem
with inter-related objectives. In this model, the UL problem is
the aggregator’s decision making and the LL problem is the
decision making of local resources. As also employed in [27],
the decision making conflict between two levels of players is
modeled as a bilevel problem and converted to a mathematical
program with equilibrium constraints (MPEC). This non-linear
bilevel problem is converted to a single level mixed-integer
linear programming (MILP) by implementing the duality
theorem.

The procedure is as follows and is based on [28] and [29]:

e Formulate the LL problem as a linear and convex
problem.

e Consider the decision vector of the UL problem as an
input parameter for the LL problem.

e Implement the duality theorem and replace the LL
problem with its Karush-Kuhn-Tucker (KKT) optimality
conditions.

e Apply strong duality to the LL problem and linearize the
non-linear terms of the UL objective function.

In this paper, the UL and LL are presented with their
mathematical models in Sections IIl and IV, respectively.
In order to implement the duality theorem, all the constraints of
the LL problem are succeeded by the respective dual variables
separated by a colon. They are classified into equality and
inequality constraints with the respective dual variables
represented by A and u, respectively. Finally, the Lagrangian
equation for the LL problem is developed.
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III. UPPER LEVEL MATHEMATICAL MODEL

In the UL, the aggregator manages its interactions with the
upstream energy and reserve markets and is restricted by the
objectives of its components as well as the loss tariff of the
distribution network. It is assumed that the aggregator pays the
loss tariff to the distribution system operator in response to the
energy purchased from the distribution network. Therefore, the
objective of the UL problem will be as (1):

profit™ + profir™ 1
+ profit™ + profit™

Each of the components of the objective function is
explained below. The aggregator trades energy and reserve
with the upstream market based on the market prices, which
are treated in the problem as known parameters (2). The
aggregator participates in the reserve market through offering
the PL’s SOC in the market. Therefore, it is reimbursed for
being ready to deliver reserve (IT’"™) and if by the probability
of reserve call (p,%¢!) it is summoned to provide the reserve, it
will be paid by energy price (II¥). Otherwise, if the
aggregator fails to deliver the amount of reserve due to
FOR499 it is subjected to a penalty based on the hourly
energy price. The amount of FOR499 is dependent to the
network and the LL resources’ failure rate.

profit™ = Z( pleETIM + e
+7;Aggp, ell—[FM _ AggpdelFORAggl—[FM)

Max{prqﬁtAgg} = Max{

2)

The profit of the aggregator from its interaction with the PL
is caused by the revenue from selling power to PL for
charging its vehicles minus the costs of purchasing energy and
reserve from the PL. The PL interacts with the aggregator with

the equilibrium  prices of energy and reserve
(P P g kPl Note that in this study various

uncertainty scenarios are considered for arrival, departure and
duration of stay in the PL. As a result, the amount of PL’s
input/output power will be different for each scenario.
However, as the PL’s internal interactions does not affect the
aggregator’s decision making it trades with the aggregator

AlnPL _~out, PL ~
with the expected values (i.e. ;" P; 7P,
TPL __ ~in,PL __in,PL ~out,PL __out,PL ~APL _Re,PL
p}"Oflt _Z(pz T, 'z T, —-nor
' )
'\PL p[de/ [nut PL + de/ FOR PL out ,PL )

It is assumed that there can be multlple numbers of DGs in
the network and sell their power to the aggregator with
equilibrium price of DG ( P%) as in (4).

proﬁtEDG Z( ZpDG DGJ (4)

The demand is delivered to the end-users with the hourly
equilibrium demand price (P). It is also assumed that the
aggregator has to pay for the network loss (5).

o < et -SSR0, 0 | O
t e

The assumptions and constraints of the above objective are
as follows. It is assumed that the only reserve provider in the
system is the PL. Hence, the total reserve that the aggregator

can present in the market is equal to the expected amount of
reserve that the PL can provide (6).
Agg _ APL
=g ©6)

The expected value for the PL’s reserve, input and output
power is the summation of their amount in each scenario
multiplied by the probability of each scenario. These are
shown in (7)-(9) for the reserve, input and output power,

respectively.
e pr Tt @)
Pt = Zpa,p;? ®)
Aout PL zp poul PL (9)
w

The total power of the aggregator is equal to the amount of
demand in each node, the input power of the PL to the node on
which it is installed minus the output power of the PL on that
node and the output power of the DG (10). In order to identify
the node on which the PL or DG is installed the binary
variable (S7) is defined as in (11) to (13).

p,Agg — Z(p/, + p/m; PL p/mlul PL p/r?G) (10)
J
plm PL Sl PL ’\m PL (11)
rout,PL PL ~out,PL
”t _Sl t " (12)

The load flow equations are presented in (13) — (17). It is
assumed the power injected from the upstream network
(pDSO ™) or delivered to it is affected by the efficiency of the
connector transformer. In order to calculate the share of IL on
each node, the assumption of spread share of IL on all loads is
used. As a result, the share of the demand after IL (p?) from
total demand (p2*°*®") is multiplied by the load of each node
(p]'t). Besides, the power factor of IL is considered equal to
the power factor of the whole system; hence, the same
approach can be used for the reactive power. The approach to
perform the load flow of the system is based on [30], [31] and
is linearized in the problem as explained in [17].

DSO,out

DSO,in,, Trans __ pjl Line __ Lme . 2 _
P TS pA it Diga ¥R\ L) | =
(13)
pz rin,PL rout,PL DG
PD T(nal + p] t p] 3 pj‘z

DSO,in

. 2
q]t - DSO r+zq/{jl_z|: /,kt+Xj,k(lj,k,t) :| PDToraI ij ( 4)

2 Line Line Line __Line
Vit _2|:R/,/¢ (p,',kr Pija )+X (qj ki Dk ju ):|

(15)
_Zf,k ilz’,k,r _V/?,r =0
2 .2 Line Line 2
v/l kot _(p/l\l) +(qj,k,t) (16)
V,<v, <V —Lix<i,, <I (17)

Considering the objective and constraints of the UL
problem, the decision vector of the UL for the bilevel model
will be as (18).

in,PL __out,PL

UL Age Agg _in, , Re,PL
DV :|:ptg},”,; gg’”t 57T u > t U :| (18)
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IV. LOWER LEVEL MATHEMATICAL MODEL

The objective on the LL problem consists of the objectives
of the players on the LL based on their contribution in the
equilibrium price. These objectives are for the trades of PL
with the aggregator, the interactions of the PL with PEV
owners, the trade of DG with the aggregator and the
opportunity of IL on behalf of the retailer. In this regard, the
objective of the LL will be as (19).

Max{proﬁtLL } = Max{proﬁtPL’Agg + profit

+ profit” % ¢ proﬁtD’Agg}

PL—-PEV

(19)

A. PL-Aggregator interaction

The profit gained by the PL owner through its interaction
with the aggregator is shown in (20). In this level, the vehicles
that participate in both G2V and V2G mode are separated
from those who are only operated in G2V mode. It is obvious
that the output power of the PL is only due to the opportunity
of V2G. On the other hand, the reserve presented to the market
is from the opportunity of V2G, hence is treated with the same
price of output power whenever it is called. If the PL fails to
deliver the required reserve amount (FOR™), it will be
charged with the output energy rate. It can be observed that in
(20), there are common terms with the UL objective (3) that
make the equilibrium point with UL.

PL-Agg _ out,V2G '\ _out,PL inV2G |
o5 = 3 (o
t [0}

PL Re,PI PI dﬁ/ out,PL

K (20)
bt p A~ p FOR™ 7)™ )

The interaction of the PL with the PEV owners that use the
PL is modeled with details in (21).

The financial transaction of PL with each group of vehicles
should be different and proportional to the opportunity they
bring because they lead to different levels of profit for the PL.
The naming and clustering of these categories are shown in
Table I. Moreover, in each hour and in each scenario, the
share of each category should be determined. On the other
hand, it should be specified that the amount of departed SOC
belong to which category.

The share of each category in the departure SOC is needed
for precisely calculating the hourly revenue and costs of PL.
For this purpose, two coefficients are defined to impose the
preferences of the PEV owners to the objective of the PL. The
coefficient £ is defined to determine the share of each category
from departing vehicles. Another coefficient ¢ is defined to
determine the preference of each category for the minimum
required SOC at their departure. Besides, the coefficient 6
determines the amount of PEVs in G2V or V2G mode in each
hour.

In this study, the PEVs that agree to take part in the V2G
mode are paid an incentive amount for being ready (as reserve

in,G2V ) in, PL

pml

or energy). This amount is calculated through the
multiplication of their available capacity by the incentive price
(MIE*r¢) However, when actual energy is purchased from
V2G PEVs, they are paid by V2G price (I1V2%) as well as the
degradation cost. Moreover, all the PEVs that enter the PL
have to pay the usage tariff based on the total hours that they
have stayed in the PL multiplied by the PL tariff (ITT#"//),
Also in Table I it is shown that different G2V price are
considered for different categories. The reason is that the PL
owner encourages the PEVs to participate in flexible modes by
selling the energy with lower prices to them
(TI62V3<[IG2V2 <62V ),

As shown in (23) and (24) the PL’s SOC in each hour is
separated for G2V and V2G modes. It is assumed that the PL
starts with an initial amount of SOC at =/ and the arrival and
departure SOC as well as the power traded with grid form the
hourly SOC of the PL. The facilities in the PL restrict the
charging/discharging of PL due to their efficiencies (p¢"®t,

dcha,PL
n )-
TABLE I
PEV OWNERS CLUSTERING
Fixed departure SOC Flexible departure SOC
requirement requirement
Mode qu - q -
Namin Price of Price Namin Price of Price of
| Gav | of V2G | Gav V2G
G2V | fixl e - flex] T62v2 -
V2G fix2 NEE [[Extra flex? N T[Extra TIV2C
PL,G2V __ PL,G2V PL,G2V
SOC{u,t - SOC{u,t—l ‘ +85 OCm ty -1
ar,G2V dep, G2V in,G2V __cha,PL
+ S0C,; —S80C,; + Pos
PL,G2V
A{(U t (2 1 )
PLV2G __ PLV2G PLV2G ar,V2G
soc,; " =soc, |+ S0C, L +soc;,;
dep V2G in,V2G _cha,PL out,V2G dcha,PL
—Ssoc,, +Po M “Fou /77

A PL,V2G (22)

w,t

The hourly departure SOC of the PL is equal to the
minimum requirement of PEVs with fixed departure SOC and
those who accept to have flexible departure SOC. This is
applicable to both G2V and V2G modes as (24) and (25),
respectively.

dep, G2V __ fxlﬁ fxlcdep PL +socdep Jflex1 |

w,t

socC Qder-G2V (23)

w,t

dep,V2G __
w,t -

fx2ﬁ fx2cdep PL +socdep Jflex2

soc /lgfff 729(24)

Although some PEVs agree to have a flexible amount of
departure SOC, the departure SOC is still limited to their
minimum preference and the maximum possible SOC due to
the limitation of their capacity as in (26) and (27).

PL—PEV

profit™

/L\'l

fix] dap PL
(A) t C

DI (e

t ®

fix2 [ fix2 ;rdep, PL
( o, ﬂml C

o,

+ (Socdap ,flex2 SOCf’:"ﬂM'& )(1—[1(;21/3 + CdPI_ )

(m(_ll flex

)l—IFrl»a _(p

Slex2
,t

out,V2G
o,

flex2 vdep, PL
( .t C

flex2 ~dep, PL
,t C

o, o,

SOCgf’f’"/r"z'S' )(ch;zm +Cdr )—(ﬁ

SOCST,_/L\'I.S( )(ch;zw ) (Socdcp ,flex] SOCST,_ML& )(1—[::,‘2;'2)

fix2 vdep,PL
.t C(AJ t

fix2 ) fix2 vdep ,PL Extra
o, ﬁ{ul le 1_[

x2, 2 V2
_(SOC(:Isi),_/hr Se —SOCd‘ﬁ Jflex )1—[ G

o, t

(25)

>g()(*f’<1’-/’<"15< ) (m(I, Sex <SO(<I,(I’(:,'7./I«\Z.S< )

(AJ t pldé/l_[f/ 2 ))

in, V2(;

del
+ P

PL PLyyTariff
rpr ) Cd +Nru,ln
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fex1 g flex1 ~dep, PL dep Slex1
¢(ot ﬂ(ot C(ut <SOC <S

ﬁﬂexl Cdep, PL

dep, flex1 —dep Sex1
Hot "l " (26)

¢(‘{Itex2 ﬂ fex2 C{Ze‘tv,PL <50 cdep, flex2 < S 0 C ﬂ flex2 Cdep, PL

dep, flex2 —dep Slex2 (27)

ot > wl

The SOC of PL in G2V mode should not pass the
maximum available capacity of G2V vehicles in the PL
multiplied by the maximum possible SOC of each EV (28).
For the V2G vehicles, as the PL has the control to discharge
the PEVs’ batteries a minimum limit also should be bounded
by the SOC of PL in each hour (29). Due to variable levels of
PL’s capacity resulting from PEVs arrival/departure, the
hourly SOC of the PL is considered in kWh instead of the
ratio of the total capacity.

—EV
PL,G 2V PL ~PL
S0Cy 0{0 tC(u S0C

—PL G2V (28)

(1 —GPL)thSOC < SOCPL 26 < (1 —Gﬁ)CPLEEV:

”PL V26 —/UDL V26 (29)

The facilities in the PL’s stations have a
charging/discharging rate (y"!) that limits the maximum
amount of input/output power of the PL (30)-(32).

in,G2V PLAPL ATPL . in, GZV —m G2V
0<p”™ <y™0,,N,, : u (30)

Fot (ut
in,V2G PL PL PL . in,V2G —inV2G
Ospw,z S}/ (l_ew,z)Nw,z' lu(ut ’:uwt (31)

0< pout V26 f < 7/PL (l_ejé)N:Ll .

in, VZGI —m V2G1
ot (ut (32)

The maximum amount that PL can offer in the market
(including energy and reserve) should not pass the limit of
available SOC from V2G vehicles and the minimum SOC that
can remain in the PEVs’ batteries (33).

: EV
0< ( out.V2G | r )/nda;a,PL < SOCZLZ’VZG ~ soc (l_gPL)CPL .

in, VZG2 —m V2G2
‘Ll(l) t (l) t (33)

The reserve and energy output of the PL are defined as
positive variables (34), (35).

PL . Re PL
0<r,,: M, (34)
out,V2aG . uut PL
0< pa),t . wt (35)

For the purpose of linearization in (22), a variable (Z5%) is
defined to compare the departed SOC in each hour with the
scenario pattern (36)-(39).

(Socdep Slex2 SOC{ff,ﬂaz,SC )(]—[rczm + CdPL )

(mcu lex >g0q{":¢’-/""3-»‘4)

(Socdcp , flex2,Sc Socdcp ,flex2 )]—[VZG

C Vot e <oty = (36)
(Socgef,ﬂaZ SOCv{:ief flex2, 90)(((]—[’62V3 +C PL)+]—[:/ZG )/2)
—zl e —((ne v ca™) +1‘[,VZG)/2‘
Min{Z" | (37)
(Socdep ,flex2 SOch’[p,ﬁexZ,Sc) < Z;‘)’Ll . (:n;x PL1 (38)
(SO —soci ) < 2 Hie" (39)

B.  DG-Aggregator interaction

In (40) the profit gained by the DG owner from selling
energy to the aggregator is shown

proﬁtDG*Agg — Z[Z(ps’?ﬂfc ADG 5? )j (40)

where AD¢ is the marginal cost for m™ DG. All the DGs
should be limited to their maximum generating power (41).

0< p2S <P’ 127 e (41)

t m

C. Demand-Aggregator interaction

The loads in the system are supplied by a load retailer who
purchases the required amount of energy from the aggregator
with equilibrium price () and sell it to the load with the time
of use tariff (I17°VY). The users who participate as IL are also
paid an incentive ([1incentive),

profitD—Agg — Z(p,D (I—[[TDU D) p[ I—[Incentzve) (42)
[

It is assumed that the amount of demand that is purchased
from the aggregator (p?P) is after the implementation of IL
(43). Moreover, the demand after the IL implementation
should be limited to the maximum total demand ( p2*°**")
and the minimum of not interruptible load (44).

p — p[D Jtotal p[D AIL (43)
(1 _ 05, )I)ZD,tntal < plD < I)[D,tntal . ‘utD tutal’ —D,total (44)

Considering all the equations presented for the LL problem
the decision vector for lower level will be as (45).

DVl — [p;:tPL’pzutt PL’ Cff,socdep PL’p’gf’ptDJ (45)

As previously mentioned, the problem is formulated to
convert the bilevel problem into an MPEC. For this purpose,
firstly the Lagrangian of the LL problem is developed. The
variables in this equation are the decision variable vectors in
LL problem. The components of the Lagrangian are the LL
objective (19), equality constraints (22-25, 43) and inequality
constraints (26-39, 41, 44).

For linearization of the non-linear terms in the UL, the
strong duality theorem is employed which states when a
problem is convex, the primal and dual objective functions are
equal at the optimum.

V. PEV SCENARIO GENERATION

Considering the real data from the surveys and the stay
duration classification, the scenarios for the arrival of PEVs in
the PL is generated using the approach in [17] where a
lognormal distribution function is considered. Then the
departure scenarios are derived from the arrival scenario and
stay duration. However, due to the fixed number of stations in
the PL, the scenarios generated for arrival/departure may
result in PEVs’ number in the PL more than the PL’s capacity.
To prevent this, a procedure is implemented on the scenario
generation as shown in Fig. 3. The scenario of PEV numbers
in the PL is generated from the summation of the remainder
PEVs in the PL from the previous hour and the arrived PEVs
in each hour minus the departed PEV. Whenever the PEV
numbers exceed the PL’s stations, the number of excess PEVs
is reduced from the arrival scenario on that hour.
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Fig. 3. Flowchart of generating scenario for PEVs’ number in PL. ~ 8 ] 8
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Now, the arrival scenarios need to be changed which E 8 8 g8 g g g g g
consequently cause the change in the stay duration. E 20 - 8 g @ 88
Considering the discrete distribution of stay duration pattern, “ o E_ﬁ_g_ﬁ g_g_g_&
the new arrival scenario and stay duration scenario is formed. | 5 9 13 17 21
Based on the new arrival and stay duration scenario, the new Time (h)

departure scenario is generated. Once again the number of Fig. 5. Expected value of PEV arrival to PL and its scenarios.
PEVs in PL is calculated. The procedure is performed until the
PL’s number scenario does not exceed the total PL’s station 100

number (Fig. 3). g 30 - O[E)’éi’,iﬁiﬂgif scenario g e
& e}
VI. NUMERICAL RESULTS S 60 - g 8 838 g
The proposed model is implemented on a standard @ Be® §
distribution network with PL, DG, and DR program. The IEEE 5 407 g 8 3 8 g
37-bus network [32] as shown in Fig. 4 is selected for the 5 5 égg o 8 g
study. The location of the resources and their capacities are E ge as f é
based on previous studies of DG integration in IEEE 37-bus 0 '] 5 B 3 = 5 '

network as in [33] and [34]. Time (h)

In this study, a PL with 250 stations in a commercial area is  p
considered. Figures 5 and 6 depict the arrival and departure
scenarios employed in this study. The total SOC of PEVs in the 3000 - Expected PEVs
PL is shown in Fig. 7. The mean values for the scenarios are 2500 - . 80000 o gi)ei ;gopngEvs
derived from reports and surveys on European driving pattern SOC in PL
presented in [35] and [36] and the household travel survey in 2000
[37]. The data presented in [38] are employed to acquire the
expected stay duration of PEVs as shown in Fig. 8. As at the
PL is assumed to be in a commercial center, the PEVs that
enter the PL may stay from 1 to 12 hours in the PL.

The values for coefficient ¢ which determines the 3
minimum departure SOC requirement of each PEV category is 0 ¥= '

. 6. Expected value of PEV departure from the PL and its scenarios.

@

1500

1000

Total SOC of PEVs in PL

500

shown in Table II. The values to determine the share of each ! 3 ? ) 13 17 21
category from the total departed PEVs are presented by Time (h)
coefficient ﬁ in Table III. Fig. 7. Expected value of PEV SOC in the PL and its scenarios.
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Fig. 8. Total number of PEVs in the PL in each hour based on their expected
stay duration.

TABLE IT
VALUES OF ¢ FOR DIFFERENT PEV CATEGORIES

Mode Departure SOC Duration of stay (hours)
Requirement 1-3 4-8 9-12
Fix 0.6 0.8 0.9
G2v Flex 0.4 0.6 0.6
Fix 0.4 0.5 0.6
G2VHV26 Flex 0.3 0.4 0.5

TABLE 11
VALUES OF 8 FOR DIFFERENT PEV CATEGORIES

Mod Departure SOC Duration of stay (hours)
ode Requirement 13 4.8 9-12
Fix 0.56 0.32 0.08
G2v Flex 0.14 0.08 0.02
Fix 0.06 0.12 0.18

+

G2V+V26 Flex 0.24 0.48 0.72

The prices for energy and reserve market are from the
Spanish electricity market [39] and are adapted to the
distribution level based on [40]. In [40] it is mentioned that a
surplus should be added to the upstream energy prices when it
is implemented to lower voltage levels. This surplus is divided
between the aggregator and the LL components of the problem.
In this study the surplus is considered as 5 cents. Therefore, 3
cents are added to the upstream market energy price and then
implemented to the energy trades of the aggregator with the
upstream network. The remaining 2 cents is added to the LL
resources transaction price. Note that the trades between the
aggregator and LL resources take place based on the
equilibrium prices

In this study, all the stations in the PL are the same and are
quick charging stations with a charging rate of 11 kW per hour
as in [17]. Other specifications of the PEVs and tariffs are
based on [41].

In this paper, two case studies are investigated to evaluate
the proposed model. On the first approach, the Pay as Bid
pricing model is investigated to examine the individual
interaction of LL resource with the aggregator. In the second
approach, the cross effect of the resources in their market
participation is investigated through uniform pricing. The
problem is modeled as an MILP problem and implemented in
GAMS using CPLEX12 solver.

A. Casel: Pay as Bid

In this case, as each resource receives payment based on its
bidding, the aggregator interacts with each component
individually. Therefore, the aggregation approach causes a
leader/follower framework. In order to bind the profit of the
leader, a price cap is put on the maximum trade price between
the aggregator and each of the LL components. The cap is 10
cents per kWh. This case is studied as a base case to show the
different behavior of the aggregator and the resources when
one equilibrium point is found comparing to individual
interaction.

In Fig. 9 the prices of the upstream EM (i.e., the amount
paid by the aggregator to the upstream market), the PL price
(i.e., the price paid by the PL to the aggregator for energy
purchase), and the DG price are shown.

The PL price reaches the price cap for the whole 24 hours.
The variations of prices in this case comply with the energy
interaction balance of the system in Fig. 10. It can be seen that
the behavior of the aggregator is relatively justifiable to the EM
price variations. For example, during hours 2-7 A.M. when the
upstream energy price has the lowest amount, none of the
resources in the LL is activated. For the remaining hours, only
DGl is committed to supply energy. Therefore, the PL’s power
exchange is only for input power as in Fig. 11. Moreover, with
this price cap, it is not profitable for the load retailer to activate
the IL and thus it provides the total demand from the EM.

The reserve market price and the aggregator-PL reserve
price are shown in Fig. 12. It shows that during the high
commuting hours the reserve price reaches its peak amount.
The PL can make a profit through its participation in the
upstream reserve market. Being the only reserve source of the
aggregator, all the possible SOC of PL is presented in the
reserve market. Accordingly, the price of the reserve paid to
the PL can be a motivating factor to change the PL’s behavior.
It indicates that considerable higher payment to the PL in order
to maintain its SOC for participating in reserve market is
profitable in this case. The SOC of the PL for various PEV
categories in the PL is shown in Fig. 13.

_ EM Price PL Price
= 12 4
; ------- DG Price
5
2 8-
g [ ' |
a ! :
5 4! :
= [ )
2 ' )
= : :
: H
0 T T . . .
0 8 12 16 20 24
Time (h)

Fig. 9. Energy prices for aggregator, PL, and DG in Case I.
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: The most challenging resource in this model is PL. In this
1600 - EEEEEE PinAgg NN POUYV2G [ DG3 case as shown in Fig. 9, the price for PL’s energy trade is a
E——DG2 LIDGL e Total Demand constant value for the whole 24 hours. This price is the
equilibrium price derived from the behavior of the PL and the
aggregator considering other resources available to the
aggregator. In other words, if the PL changes its behavior, the
price will also change.

However, both the PL’s behavior and the price are
propelled to the equilibrium price as in this price the optimum
profit is obtained. During the early hours of the day
(hours 1-9) the PL starts to charge the PEVs in the PL because
17 21 the energy price is low. The PL can make profit from selling

energy to the PEVs, however the preferences of PEVs on
Fig. 10. Energy balance of system in Case L. requiring a fixed amount of departure SOC limits the charging
behavior of the PL.

1000 Meanwhile, the aggregator wants to increase its profit from
® pinpp. O poutpl selling energy to the PL; as a result, it will encourage the PL
to charge its PEVs by increasing the price of reserve at hours
10 and 14 (see Fig. 12). The price of reserve is increased by
the aggregator so that the PL will be motivated for charging;
however, the preferences of the PEVs limit the maximum
charging of PL.

In fact, noting Fig. 13, it is shown that the PEVs are
charged almost the same as their minimum requirement of
departure SOC. The reason is that from hour 16, the PEVs
departure from the PL increases. As a result, in order to meet

-250 Time (h) the PEV’s preferences the charging of PL is limited.

For the reserve provision, except where the reserve price
Fig. 11. PL’s power exchange in Case I. faces a spike at hour 15, in other hours the price is almost
equal to the marginal price of PL for providing reserve.
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RM Price B. Case II: Uniform Pricing

5 | —REqPrice In this case, all the resources on the LL trade with the
aggregator with a uniform price which is the equilibrium price.
As a result, the LL resources can have more flexibility on their
transactions with the aggregator comparing to Case I.

As can be seen in Fig. 14, the LL energy equilibrium (EEq)
1A price has significant differences from the EM price and the pay
as bid case.

0 ‘ : ‘ : ‘ Moreover, Fig. 15 shows the contribution of all resources in
0 4 8 12 16 20 24 the system. In contrary to Case I, in this case all the resources
Time (h) (i.e., DG, PL’s V2G mode, and IL) take part in the schedule.

The reason is that one equilibrium price concerning all the
constraints and objectives of various components is calculated
and hence more flexibility for the aggregator to compromise

Resrve Price (Cent/kWh)

Fig. 12. Upstream reserve market and LL reserve equilibrium prices in Case 1.

2500 . . . ;
7 SOC%P flex2 E S0CP fix2 between the various objectives is provided.
~ 2000 1 SOC flex] E 50¢e fix From another point of view, the reserve price in this case in
g0 | e min SOCTERTE e & fgax SOCHPPL Fig. 16 is higher than the first case and in some hours the
i’ 1500 4 aggregator is persuaded to increase the reserve price up to the
2 - upstream reserve market price. As a result, the LL resources
2 1000 | will be encouraged to participate more effectively in the
g 1 market.
§ 500 4 e it B In Fig. 16, it is shown that in the reserve price experience a
. 5 spike from hour 19 to 23.

[ a—— . % At hours 19 to 23 the aggregator increases the reserve price
1 5 Time (h)13 17 21 to encourage the PL to charge its PEVs. In fact, the
equilibrium price is a compromise between the lowest amount

Fig. 13. PL’s state of charge for various categories of PEVsin PL in Case I. of EM price and RM prices.
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Fig. 14. Energy Market and Energy Equilibrium prices in Case II.
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Fig. 15. Energy balance of system in Case II.
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Fig. 16. Reserve Market and Reserve Equilibrium prices in Case II.

1) DGs’ behavior

During hours 2 to 6, the EM price is in its lowest amount;
however, during those hours DG1 is committed for the energy
generation but two of the DGs cannot compete and are not
operating. At hour 7, DG2 is committed and after that all DGs
are participating in the energy production of the system. This
happens because of the EEq price increase on that hour. The
reason is that from hour 7 the arrival to the PL is increasing; as
a result, the PL will be able to charge the batteries of arriving
PEVs, increase its potential of reserve provision and
consequently increase its own profit.

2) Load Retailer’s behavior

The aggregator’s decision making on operating its
resources impose significant changes on the EEq price during
24 hours. However, these changes are not tempting enough for

11

the load retailer to activate its IL until hours 19-23 when the
end users’ demand is on its peak amount. As a result, the load
retailer will use the IL to reduce its costs.

3) PL’s behavior

During early hours of the day, the PL is encouraged to
charge the PEVs due to low energy prices. After hour 6 up to
9, although the EEq price is increased, it is still maintained in
low amount; therefore, the PL keeps charging the batteries. In
other words, in these hours the aggregator holds the EEq price
relatively low so that the PL continues on its behavior of
charging.

In hour 10, the price of the EM increases and consequently
the aggregator increases the price to make benefit from selling
energy to load retailer and PL.

Referring to Fig. 8, it is observed that from hour 10 most of
the PEVs that enter the PL are those who need to stay in the
PL for a short stay. As a result, the EEq price is reduced and
the energy trade is reduced (Fig. 14 and 16). Consequently,
from hours 10 to 15, the PL changes its strategy.

Although the EEq price is reduced at hour 11 comparing to
hour 10, the PL is not motivated to increase its charging.
During this period, the PL will charge mostly the PEVs that
only take part as G2V mode. The reason is that the price
reduction is up to the G2V2 price considering the efficiency of
the station charger. In other words, the Fix2 contracts are the
most preferred contracts for both PL and the aggregator,
because the aggregator benefits from selling energy to PL and
the PL benefits from selling to the PEVs.

After that in hours 16 and 17, the EEq price is decreased.
The reason is not only due to the price reduction in the EM,
but also due to the fact that from hour 16, the number of PEV
departure increases. Hence, the PL needs to charge the
batteries, especially the flexible ones, to increase its own
profit. As a result, the aggregator decreases the EEq price so
that the PL is encouraged to charge the PEVs which are about
to depart the PL. This increase in the SOC can be seen in Fig.
17.

Unlike Case I, in this case the V2G power is injected into
the grid (see Fig. 18). The reason is that in hours 16 and 17 the
PL charges the PEVs but from hour 19, it has to discharge the
batteries because it gets near to the ending hours and the PEV's
leaves the PL. As a result, in order to meet the requirements
imposed to the PL by PEVs’ categories, it will inject the
excess power to the grid. Consequently, the price of energy
spikes in hour 19 and remains high after that, both due to this
reason and the fact that the demand peak is also during those
hours.

Although the strategy of PL from hour 19 to 24 is to
discharge most of the energy stored in PEV batteries, the
aggregator will equilibrate the situation by increasing the
reserve up to the upstream reserve market (see Fig. 16). The
total departure SOC of PL for Flex2 contracts in this case is
shown in Fig. 17. As shown, the difference of SOC in the PL
with the minimum requirement of PEVs’ departure SOC is
higher in hours 17-22 which is due to higher reserve price
encouraged by the aggregator. For other hours the PL tends to
keep the PEVs on their minimum requirement. Figure 19
shows the total PL’s SOC and capacity and the reserve
provision of the PL.

0885-8950 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2016.2609416, IEEE
Transactions on Power Systems

12
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Fig. 17. The behavior of PL in charging Flex2 contracts in Case IL.

charging the PEVs to take benefit from them in the reserve
market does not exist. As a result, the PL reduces its flexibility

1000 : and considerably affects the aggregator’s profit.
= ® peL o P In Fig. 21, it is observed that the total profit of the PL can
2 750 have significant changes with the changes in G2V2 and G2V3
E’; prices. These prices are the incentives that the PL determines
& 500 for its trade with those PEVs that agree to have flexible
5’ departure SOC requirements. It should be noted that these
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g load or as a resource. In other words, these two prices can
& 0 change the marginal price of the PL and change its behavior in
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Fig. 18. PL’s power exchange in Case II.
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Fig. 19. Comparison of PL’s capacity and SOC divided by G2V and V2G Fig. 20. Aggregator profit in Case II for various G2V2 and G2V3 prices.

PEVs in Case II.

VII. THE ROLE OF PEV PREFERENCES ON AGGREGATOR
EQUILIBRIUM 60

In this paper, the PL as the main concern of the study
changes its behavior based on its trade with the PEV owners
and the aggregator. As a result, the tariffs that are
implemented to the PEVs can significantly change the strategy
of the PL in the market. The variation of the behavior also
leads to different levels of profit gain for the PL and
aggregator. 880

In this study, PL is a complicated resource in the system 95
which can act as a flexible demand and as a resource as well. Gay, A o
Therefore, the aggregator can benefit the most from the PL’s e
potential to act as the flexible load. However, the aggregator

needs to manage the market wisely to encourage the PL to
show more ﬂexibility. Fig. 21. PL profit in Case II for various G2V2 and G2V3 prices.
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VIII. CONCLUSIONS

In this paper a comprehensive bilevel model to derive the
equilibrium price of energy and reserve trade of PL has been
proposed considering the preferences of the PEV owners. It is
obvious that a critical influence is put on the manipulation of
the electric vehicles in future systems by their owners. The
behavior of the PEV users can significantly change the process
of the system operator. On the other hand, in such
environment with various components and complicated
interactions, an organized inter-relation should be defined so
that all the involved parties in this system could assure their
own profit. In this regard, this paper intended to propose a
model for such situation. The main characteristic of this model
is that in the upper level the price was specified while the
lower level determined the quantity. This was accurately
compatible with the reality of PL operation. In fact, the main
role of PL as a flexible load is to add the potential of possible
load increase or decrease.

Considering the results obtained from this study, several
influential conclusions can be deduced which are listed below:
e It is shown that in the uniform pricing model where the LL

components can have more flexibility the model is more
effective and the equilibrium point is found in a more
suitable way for all parties’ profit. On the other hand, it is
shown that in an environment with mixed resources, the
model can provide the solution to compromise between all
the potentials in the system.

e It is shown that the equilibrium price is affected by
various factors that may change the behavior of the
players in the model. When the behavior is changed, the
equilibrium price is going to be changed; however, the
bilevel model is designed in a way that the optimum
solution is found in this compromising situation.

e Although the PL can be considered as a resource in the
system, the compromise between the competitiveness of
other resources in the system such as DGs and the
expenses of V2G vehicles will lead to less tendency
towards V2G mode operation. However, it was deduced
from the study that the PL can provide various
opportunities for the aggregator in terms of flexibility and
increase the total profit. The aggregator can decrease the
equilibrium price to increase its own share of the local
market, triggering the load flexibility potential of the PL
(increasing the quantity in lower level) which causes
higher profit for both aggregator and PL.

e It is deduced that the reserve price also had a critical role
with which the aggregator controls the input energy to the
PL and encourages the PL for purchasing more energy.
From another point of view, other local resources have
proved that they influence the problem. With higher levels
of local resources penetration in the system, the
equilibrium price can go as low as the marginal price of
these resources, which affects the charging status of the
PL as well.

In final words, this study proposed a model for the
combination of future system components with high
penetration local resources considering the two-fold role of the
PL. The inherent nature of the bi-level interaction of the PL
with the grid is coordinated with the inevitable effect of the
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PEV owners’ preferences. The outcomes of this model can be
useful for future tariff determination or incentive calculations
for further deployment of PLs in the system. The relation of
multiple PLs, as the commute between two PLs in one zone
can affect the total SOC and capacity of each PL and make it
dependent to the other PL’s behavior in charging its vehicles,
will be a subject of future work.

REFERENCES

[11 W. Kempton, J. Tomic, S. Letendre, A. Brooks, and T. Lipman,
“Vehicle to grid power: Battery, hybrid, and fuel cell vehicles as
resources for distributed electric power in California,” Univ. California
Davis Inst. for Transportation Studies, Rep. ECD-ITS-RR-01-03, 2001.

[2] J. A. P. Lopes, F. J. Soares, and P. M. R. Almeida, “Integration of
electric vehicles in the electric power system,” Proc. IEEE, vol. 99, no.
1, pp. 168-183, Jan. 2011.

[3] C.Guille and G. Gross, “A conceptual framework for the vehicle-to-grid
(V2G) implementation,” Energy Policy, vol. 37, pp.4379-43900, 2009.

[4] R.J. Bessa and M. A. Matos, “Economic and technical management of
an aggregation agent for electric vehicles: a literature survey,” Euro
Trans. Elect. Power, vol. 22, pp. 334-350, 2012.

[5] S. Sun, M. Dong, and B. Liang, “Real-Time Welfare-Maximizing
Regulation Allocation in Aggregator-EVs Systems”, in Proc. IEEE
INFOCOM WKSHPS 2013, pp. 13-18.

[6] C.lJin,]J. Tang, and P. Ghosh, “Optimizing Electric Vehicle Charging: A
Customer’s Perspective,” IEEE Trans. Vehicular Technology, vol. 62,
No. 7, pp. 2919-2927, Sept. 2013.

[71 J.Lin, K.C. Leung, and V. O.K. Li, “Optimal Scheduling With Vehicle-
to-Grid Regulation Service,” IEEE Internet of Things Journal, vol. 1,
No. 6, pp. 556-569, Dec. 2014.

[8] R.J. Bessa, M. A. Matos, F. J. Soares, and J.A.P. Lopes, “Optimized
Bidding of a EV Aggregation Agent in the Electricity Market,” /[EEE
Trans. Smart Grid, vol. 3, No. 1, pp. 443-452, Mar. 2012.

[9] R.J. Bessa and M.A. Matos, “Optimization Models for EV Aggregator
Participation in a Manual Reserve Market,” IEEE Trans. Power Syst.,
vol. 28, No. 3, pp. 3085-3095, Aug. 2013.

[10] M.A. Ortega-Vazquez, F. Bouffard, and V. Silva, “Electric Vehicle
Aggregator/System Operator Coordination for Charging Scheduling and
Services Procurement,” [EEE Trans. Power Syst., vol. 28, No. 2, pp.
1806-1815, May 2013.

[11] C. Jin, J. Tang, and P. Chosh, “Optimizing Electric Vehicle Charging
With Energy Storage in the Electricity Market,” IEEE Trans. Smart
Grid, vol. 4, No. 1, pp. 311-320, Mar. 2013.

[12] S. 1. Vagropoulos and A. G. Bakirtzis, “Optimal Bidding Strategy for
Electric Vehicle Aggregators in Electricity Markets,” [EEE Trans.
Power Syst., vol. 28, No. 4, pp. 4031-4041, Nov. 2013.

[13] R.Li, Q. Wu, and S.S. Oren. “Distribution Locational Marginal Pricing
for Optimal Electric Vehicle Charging Management,” [EEE Trans.
Power Syst., vol. 29, No. 1, pp. 203-201, Jan. 2014.

[14] E. Sortomme and M. A. El-Sharkawi, “Optimal Scheduling of Vehicle-
to-Grid Energy and Ancillary Services,” IEEE Trans. Smart Grid, vol. 3,
No. 1, pp. 351-359, Mar. 2012.

[15] E. Sortomme, M. A. El-Sharkawi, “Optimal Combined Bidding of
Vehicle-to-Grid Ancillary Services,” IEEE Trans. Smart Grid, vol. 3,
No. 1, pp. 70-79, Mar. 2012.

[16] M. Moradijoz, M. P. Moghaddam, M.R. Haghifam, and E. Alishahi, “A
multi-objective optimization problem for allocating parking lots in a
distribution network, ” Elect. Power Energy Syst., vol. 46, pp. 115-122,
2013.

[17] N. Neyestani, M. Yazdani Damavandi, M.R. Shafie-khah, J. Contreras,
and J.P.S. Catalao, “Allocation of Plug-In Vehicles’ Parking Lots in
Distribution Systems Considering Network-Constrained Objectives,”
IEEE Trans. Power Syst., vol. 30, no. 5, pp. 2643-2656, Sep. 2015.

[18] W. Kempton and S. E. Letendre, “Electric vehicles as a new power
source for electric utilities,” Transportation Research Part D. Transport
and Environment, vol. 2, pp. 157-175, Sep. 1997.

[19] U.C. Chukwu and S.M. Mahajan, “V2G Parking Lot With PV Rooftop
for Capacity Enhancement of a Distribution System,” IEEE Trans.
Sustain. Energy, vol. 5, no. 1, Jan. 2014.

[20] M. Honarmand, A. Zakariazadeh, and S. Jadid, “Optimal scheduling of
electric vehicles in an intelligent parking lot considering vehicle-to-grid
concept and battery condition,” Energy, vol. 65, pp. 572-579, 2014.

[21] U.C. Chukwu and S.M. Mahajan, “Real-Time Management of Power
Systems with V2G Facility for Smart-Grid Applications,” IEEE Trans.
Sustain. Energy, vol. 5, no. 2, Apr. 2014.

[22] M. F. Shaaban, M. Ismail, E. F. El-Saadany, and W. Zhuang, “Real-
Time PEV Charging/Discharging Coordination in Smart Distribution
Systems,” IEEE Trans. Smart Grid, vol. 5, pp. 1797-1807, Jul. 2014.

0885-8950 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2016.2609416, IEEE

Transactions on Power Systems

@

[23] S. Rezaee, E. Farjah, and B. Khorramdel, “Probabilistic analysis of plug-
in electric vehicles impact on electrical grid through homes and parking
lots,” IEEE Trans. Sustain. Energy, vol. 4, pp. 1024-1033, Oct. 2013.

S. Shao, M. Pipattanasomporn, and S. Rahman, “Grid Integration of
Electric Vehicles and Demand Response With Customer Choice,” IEE
Trans. Smart Grid, vol. 3, no. 1, pp.543-550, 2012.

R.J. Bessa and M.A. Matos, “Global against divided optimization for the
participation of an EV aggregator in the day-ahead electricity market.
Part I: Theory,” Elec. Pow. Sys. Res., vol. 95, pp. 309-318, 2013.

X. Xi and R. Sioshansi, “Using Price-Based Signals to Control Plug-in
Electric Vehicle Fleet Charging,” IEE Trans. Smart Grid, vol. 5, no. 3,
pp.1451-1464, 2014.

M. Gonzalez Vaya and G. Anderson, “Optimal Bidding Strategy of a
Plug-In Electric Vehicle Aggregator in Day-Ahead Electricity Markets
Under  Uncertainty,” [EEE  Trans. Power  Syst,  DOI
10.1109/TPWRS.2014.2363159.

S. J. Kazempour, A. J. Conejo, and C. Ruiz, “Strategic Generation
Investment Using a Complementarity Approach,” IEEE Trans. Power
Syst., vol. 26, pp. 940-948, May 2011.

S. J. Kazempour, A. J. Conejo, and C. Ruiz, “Generation Investment
Equilibria with Strategic Producers—Part I: Formulation,” /EEE Trans.
Power Syst., vol. 28, no. 3, pp. 2613-2622, Aug. 2013.

A. C. Rueda-Medina, J. F. Franco, M. J. Rider, A. Padilha-Feltrin, and
R. Romero, “A mixed-integer linear programming approach for optimal
type, size and allocation of distributed generation in radial distribution
systems,” Elect. Power Syst. Res., vol. 97, pp. 133—143, Apr. 2013.

J. F. Franco, M. J. Rider, M. Lavorato, and R. Romero, “A mixed integer
LP model for the reconfiguration of radial electric distribution systems
considering distributed generation,” Elect. Power Syst. Res., vol. 97, pp.
51-60, Apr. 2013.

W. H. Kersting, “Radial distribution test feeders,” in Proc. IEEE Power
Eng. Soc. Winter Meeting, 2001, vol. 2, pp. 908-912.

Z. Liu, F. Wen, and G. Ledwich, “Optimal Siting and Sizing of
Distributed  Generators in  Distribution  Systems Considering
Uncertainties,” I[EEE Trans. Power Del., vol. 26, no. 4, pp. 2541-2551,
Oct. 2011.

Y. G. Hegazy, M.M. Othman, W. El-Khattam, and A. Y. Abdelaziz,
“Optimal sizing and siting of distributed generators using Big Bang Big
Crunch method,” in Proc. International Universities Power Engineering
Conference (UPEC), pp. 1-6, Sept. 2014.

G. Pasaoglu, D. Fiorello, L. Zani, A. Martino, A. Zubaryeva, and C.
Thiel, “Projections for Electric Vehicle Load Profiles in Europe Based
on Travel Survey Data,” European Comm. Rep. EUR 25993 EN, 2013,

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[Online].  Available:  https://setis.ec.europa.eu/publications/jrc-setis-
reports.
[36] G. Pasaoglu, D. Fiorello, A. Martino, G. Scarcella, A. Alemanno,

A. Zubaryeva, and C. Thiel, “Driving and parking patterns of European
car drivers - a mobility survey”, European Comm. Rep. EUR 25627 EN,
2012, [Online]. Available: https://setis.ec.europa.eu/publications/jrc-
setis-reports.

R. van Haaren, “Assessment of electric cars’ range requirements and
usage patterns based on driving behavior recorded in the National
Household Travel Survey of 2009”. Study of the Solar Journey USA.
Earth and Environmental Eng. Dept., Columbia Univ., Fu Foundation
School of Eng. and Applied Science, New York, December 2011.

J. Smart, W. Powell, S. Schey, “Extended Range Electric Vehicle
Driving and Charging Behavior Observed Early in the EV Project,” SAE
Technical Rep. 2013-01-1441, doi: 10.4271/2013-01-1441.

Red Eléctrica de Espafia, “Maximum average hourly power demand and
daily energy,” [Online]. Available: http://www.ree.es.

ERSE, “Portugal Annual Report to the European Commission,” National
reporting for Council of European Energy Regulators (CEER), [Online].
Available: www.ceer.eu.

W. Kempton and J. Tomic, “Vehicle-to-grid power fundamentals:
Calculating capacity and net revenue,” Power Sources, vol. 144, pp.
268-279, Jun. 205.

[37]

[38]

[39]
[40]

[41]

BIOGRAPHIES

Nilufar Neyestani (S’09) received the M.Sc. degrees in
electrical engineering from Iran University of Science
and Technology, Tehran, Iran, in 2010. She is currently
pursuing her Ph.D. studies in the laboratory of
Sustainable Energy Systems with Professor Jodo P. S.
Cataldo, University of Beira Interior (UBI), Covilha,
Portugal. Her research interests include electric
vehicles, smart grids, power system planning, power
system optimization, multi-energy systems and energy
hub.

14

Maziar Yazdani Damavandi (S’08) received the
M.Sc. degree in electrical engineering from the Tarbiat
Modares University, Tehran, Iran, in 2010. He is
currently pursuing his Ph.D. studies in the Energy
Management laboratory in the Tarbiat Modares
University (TMU) and working as a researcher in
SINGULAR project in University of Beira Interior
(UBI), Covilha, Portugal. His research interests include
optimization models in power system studies and
multi-energy system modeling.

Miadreza Shafie-khah (S’08, M’13) received the
M.Sc. and Ph.D. degrees in electrical engineering
from Tarbiat Modares University, Tehran, Iran, in
2008 and 2012, respectively. He is a postdoctoral
fellow in the laboratory of Sustainable Energy
Systems with Professor Jodo P. S. Catalao, University
of Beira Interior (UBI), Covilha, Portugal. He is
working on the EU-funded FP7 project SINGULAR.
His research interests include power market
simulation, market power monitoring, power system

optimization, operation of electricity markets, price
forecasting and smart grids.

Anastasios G. Bakirtzis (S’77-M’79-SM’95-F’15)
received the Dipl. Eng. Degree from the Department
of Electrical Engineering, National Technical
University, Athens, Greece, in 1979 and the M.S.E.E.
and Ph.D. degrees from Georgia Institute of
Technology, Atlanta, in 1981 and 1984, respectively.
Since 1986 he has been with the Electrical
Engineering Department, Aristotle University of
Thessaloniki, Greece, where he is currently Professor.
His research interests are in power system operation,
planning and economics.

Jodo P. S. Catalao (M’04-SM’12) received the M.Sc.
degree from the Instituto Superior Técnico (IST),
Lisbon, Portugal, in 2003, and the Ph.D. degree and
Habilitation for Full Professor ("Agregacao") from the
University of Beira Interior (UBI), Covilha, Portugal, in
2007 and 2013, respectively.

Currently, he is a Professor at the Faculty of
Engineering of the University of Porto (FEUP), Porto,
Portugal, and Researcher at INESC TEC, INESC-
ID/IST-UL, and C-MAST/UBI. He was the Primary Coordinator of the EU-
funded FP7 project SINGULAR ("Smart and Sustainable Insular Electricity
Grids Under Large-Scale Renewable Integration"), a 5.2-million-euro project
involving 11 industry partners. He has authored or coauthored more than 480
publications, including 160 journal papers, 281 conference proceedings
papers, 23 book chapters, and 14 technical reports, with an A-index of 28 and
over 3045 citations (according to Google Scholar), having supervised more
than 45 post-docs, Ph.D. and M.Sc. students. He is the Editor of the books
entitled Electric Power Systems: Advanced Forecasting Techniques and
Optimal Generation Scheduling and Smart and Sustainable Power Systems:
Operations, Planning and Economics of Insular Electricity Grids (Boca
Raton, FL, USA: CRC Press, 2012 and 2015, respectively). His research
interests include power system operations and planning, hydro and thermal
scheduling, wind and price forecasting, distributed renewable generation,
demand response and smart grids.

Prof. Cataldo is an Editor of the IEEE TRANSACTIONS ON SMART GRID, an
Editor of the IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, and an
Associate Editor of the IET Renewable Power Generation. He was the Guest
Editor-in-Chief for the Special Section on "Real-Time Demand Response" of
the IEEE TRANSACTIONS ON SMART GRID, published in December 2012, and
the Guest Editor-in-Chief for the Special Section on "Reserve and Flexibility
for Handling Variability and Uncertainty of Renewable Generation" of the
IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, published in April 2016. He
was the recipient of the 2011 Scientific Merit Award UBI-FE/Santander
Universities and the 2012 Scientific Award UTL/Santander Totta. Also, he
has won 4 Best Paper Awards at IEEE Conferences.

0885-8950 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://setis.ec.europa.eu/publications/jrc-setis-
https://setis.ec.europa.eu/publications/jrc-
http://www.ree.es.
http://www.ceer.eu.

