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Abstract

Vehicle to Grid (V2G) concept concerns the ability to inject the power
contained in the batteries of the electric vehicles (EVs) into the smart grid
(SG). The present paper deals with this concept in order to flatten the daily load
curve with a particular focus on the interaction between EVs and SG. Based on
that, a proposed novel model using a Bayesian game approach is built to study
this interaction. The model takes into account the major challenges of V2G
technology, such as the availability of EV and the battery lifetime. In addition,
unlike most of the existing research work, we introduce in our formulation
a new factor representing the impact on the environment so as to encourage
the usage of renewable sources. This factor has a significant effect on the
player’s decisions as well as on the simulation results. Finally, with the help
of Bayesian Nash Equilibrium (BNE), we study the interaction’s probability
between players (SG and EV) for three periods of the day (off-peak, mid
and peak hours). Simulations are carried out using real data and illustrate the
effectiveness and merits of the proposed model in order to answer the raised
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questions: what is the best period of the day chosen by EV to provide power
to the electric grid and SG to supply energy from the EV?, and what is the
benefit of EV owners, SG and the environment in using V2G technology?

Keywords: Electric vehicle, Game theory, Nash equilibrium, Renewable
energy, Smart Grid.

1 Introduction

Facing climate changes has become over the years a major priority of
governments [1]. Furthermore, the transport sector is considered one of the
main factor that causes a deterioration of the environment, ranging from
local effects (e.g. noise and CO2 emissions) to a global effect (e.g. climate
change). To limit these disastrous problems, a decarbonising road transport
appears as an emergency. For this purpose, the electric vehicle (EV) could
be an interesting solution [2]; however, electrification transportation will
add a significant load (on average 18%) to the existing power grid causing
a negative impact on the grid reliability [3]. On the other hand, EVs are
powered by electricity, which represents the major part of original carbon
dioxide emissions, where 40% of global CO2 emissions are related to the
production of energy [4]. Hence, it will be useless to electrify the automobile
if the electricity that feeds their batteries is not produced with clean energy
[5]. Renewable energies are clean energies; they present a major asset over
fossil resources (oil, gas, coal) for the production of electricity. In addition,
of their green character, the renewable energies are inexhaustible; however,
their intermittent and unpredictable production remains a critical challenge
associated with the difficulty of integrating them in the power grid [5, 6].
To make EVs a more attractive solution, we must find a way to develop the
integration of clean energy sources and reduce the network overload that would
produce a large amount of electric vehicles [7]. A new concept that could
meet these objectives based on the use of EVs themselves have appeared
with the emergence of recent technological advances in electricity system
distribution and load management referred to as “smart grids” (SG), which
is the concept of vehicle-to-grid (V2G). Vehicle-to-grid describes a system
in which EVs communicate with the power grid to sell demand response
services by delivering electricity into the grid [8]. EVs will play a buffer
role: accessible, convenient and affordable. The EVs will facilitate the energy
storage during their recharge to allow better integration of renewable energy.
Moreover the ability to restore this energy from the vehicle to the grid will be
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a windfall for the power system, the EV’s owner and the environment [9, 10].
V2G can be a more economical and effective solution to the grid-demand
variations in load balancing by valley filling (i.e. charging at night where
demand is low) [11], peak smoothing (i.e. compensating peak load during
peak time) [12], stabilizing voltage and frequency, and providing a spinning
reserve to meet sudden power demand changes [13]. By using the battery
to feed the network, the vehicle owner sells both energy and availability.
The V2G therefore has the potential to participate in solving the complex
equation of energy storage, while providing a double environmental benefit.
In this paper, our aim is to study the interaction between EV and SG in a V2G
scheme, in order to flatten the daily load curve with renewable energies. The
problem is modeled as a game between EV and SG. Based on Bayesian Nash
Equilibrium, we examine the cost-effective, the profit of this interaction by
a comparison between the prices that the grid has to pay when it purchases
energy from green sources (V2G) and non-green sources. The demand that is
the quantity of energy delivered to the grid and the impact on the environment
when supplying energy from EV, are also evaluated.

The rest of the paper is organized as follows: Section 2 presents some
related works. In Section 3, the theoretical model is presented and detailed. In
Section 4, the simulations work is conducted and discussed. Some concluding
remarks are provided in Section 5.

2 Related Work

The integration of renewable energies in the electricity network system has
received a significant attention from researchers over the last decade [14]. With
the development of smart grid this research area has been increased and we can
cite among the large reported works in the literature: variability of renewable
energy sources [15], the integration cost [16], the energy management system
[17], the energy storages technologies [18, 19]. Smart grid has brought with
it another promising technology for the integration of renewable energies,
known as V2G which consists of the return of the energy stored in EVs
to the eclectic grid. The idea of V2G was first introduced in [20] and then
an increasing research work about V2G was carried out by the scientific
community. The concepts surrounding V2G were exposed in [21, 22] and the
feasibility of such a system has been demonstrated in [23, 24]. Furthermore,
economic justification of V2G technology (i.e. cost of additional equipment
needed for V2G, battery degradation cost, revenue cost for both EV owners
and SG) has also been established [21, 25, 26]. V2G brings great challenges
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and opportunities to the power grid [27]. Although, the concept certainly has
the potential in improving greatly the development of the power grid and
increasing its reliability and its efficiency and also supporting the increasing
generation from intermittent renewable energy. There are several challenges
that still need to be overcome, such as the relevant battery technology of
EVs that attracts the scientific world [28], the need of a reliable two-way
communication and the additional issue that the distribution grid has not
been designed for bidirectional energy flow. This tends to limit the service
capabilities of V2G devices [29]. Methodologies, approaches, and foresights
of this emerging technology were discussed and investigated in [10].

In literature, it has been demonstrated that EV can provide power to serve
various markets, spinning reserves, frequency regulation, and smoothing peak
power [26]. Spinning reserves and frequency regulation refer to “ancillary
services” used by grid operators to maintain the reliable operation of the grid
[30]. In ancillary services, EVs may either involve energy delivery to the
power grid or simply use the capacity of their batteries without delivering
energy to the grid [23, 24]. Numerous works have been addressed in this area
[3, 15, 21, 31–34]. Another service, in which EVs can participate is smoothing
peak load, which is the main focus of this paper. Peak load corresponds to a
maximum level of electricity demand within a particular period of time (e.g.
a specific day or hour of the day). With the extensive adoption of EVs, a
large number of EVs charging loads will increase highly peak load [35, 36],
especially if EVs are charging randomly. The major part of techniques carried
out for peak load market can be categorized into two main aspects, the first
one uses a controllable smart charging, which charges EVs during off-peak
hours when demand is low to avoid peak load [37–41]. In the second one, the
proposed techniques use the energy stored in vehicle batteries to compensate
the peak load within the concept of V2G [4, 21, 32, 42–44]. In the following,
we present some of these works mentioned in these two categories.

For the first alternative, which is the use of a controllable smart charging
to avoid peak load, references [38, 39] have proposed an evaluation of the
impact of this solution in minimizing the additional peak load. They therefore
proposed a comparison between a controlled charging scenario and an uncon-
trolled charging strategy. In [37], the authors developed a mathematical model
for the scheduling of plug-in-hybrid-vehicles (PHEV), the charging is based
on game theoretic approach that aims to minimize the customers’charging cost
in peak hours. With the help of Bayesian game theory, the authors formalized
in [40] the interaction between the supply and the consumption of electricity.
Afterward, based on Nash equilibrium concept, they proposed an optimal
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strategy that satisfies both the supply and the demand and hence avoided the
peak load. In addition, they aimed to integrate the green electricity sources
into electricity network in order to charge EVs batteries, with the goal of
minimizing the usage of polluting energy sources. The major drawback of
these works is that they have the limitation in considering only the vehicle
load. In fact, most of them neglect the load of the power grid.

Smoothing peak load within the concept of V2G was addressed in [44]
where the authors presented a probabilistic method that models the driving
pattern to predict the load demand profile of PHEVs. Based on the obtained
load demand, a business model that implements a V2G technology in a
residential distribution grid is developed. This model includes three strategies;
these are charging, discharging or providing ancillary service to the grid. To
find the optimal strategy, a swarm optimization algorithm is proposed. Results
showed that the proposed algorithm has the ability to improve the power
quality, to reduce the peak load and to provide frequency regulation service.
In [42], the authors propose a collision game strategy of PHEV charging and
discharging for V2G network. In this game, EVs represent the players and a
set of players constitutes a cooperative group, some of these EVs charge and
others discharge. In a coalition, the players work cooperatively to enlarge their
common benefit and involve the satisfaction of the charging or discharging
situations for an optimum cost. According to their simulation results, the
authors concluded that the peak-load of power system is significantly reduced.
Moreover, the vehicles are satisfied by a low charging cost and a higher state-
of-charge (SOC) for most of their trips. However, the major drawback of
this work lies in the fact that the battery life time has been disregarded. In
[43], a mathematical model to evaluate bi-directional energy transfer from
vehicle to grid and grid to vehicle was formulated. The bi-directional energy
transfer was discussed at different charge and discharge rates, where the
total energy exchanged between the grid and the vehicle was analysed. The
authors have found that, due to peak hours transfer of energy between the
EVs and the grid, the transportation cost for the EV integrated into the grid is
higher. This is due to the losses associated with the battery during the peak-
hour energy supply. However, the authors do not consider in their approach
the negative impact on the environment resulting from charging/discharging
function. In [4], the authors proposed two models to maximize the integration
of renewable sources in V2G system to reduce the CO2 emission and to
optimize the environment benefit. The first one is a load-levelling model
where EVs are charged through conventional generator using load-levelling
optimization and the second is a smart-grid model where EVs are charged
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from renewable sources and discharged to the grid. The authors concluded
that the use of EVs alone could not reduce the negative impact of CO2
emission on the environment. Therefore, the success of practical application
of vehicle with V2G capability to achieve emission and cost reductions greatly
depends on the maximum utilization of renewable sources. However, the
major drawback of this work is that the authors do not consider the type
of used vehicle and they have employed a PHEV that contains also on-green
combustibles.

From to the vast research we carried, we can make the following findings:
(i) to date, few studies have been carried out for the interaction between EV and
SG considering the environment benefits, (ii) green environment necessitates
the integrating of renewable sources in the power system in order to reduce the
high environmental impact of fossil-based energy system, (iii) for a complete
study of the interaction between SG and EV in the V2G, we should address EV
charging and discharging, and (iv) the use of game theory helps to optimally
integrate the EV into a SG.

Motivated by the aforementioned findings, our contributions are as
follows:

• We develop a new model of V2G interaction with the key issue related
to the integration of renewable sources in smart grid. In order to ensure
reduction in CO2 emission and therefore ensure an environmental benefit.

• We formulate our model with a Bayesian game theory.
• The proposed game is in terms of exchange between EV and SG and

rests on the idea that the two sides of the system should have a financial
gain by participating in V2G. contrary to that, we adopt the time-of-use
(TOU), we therefore study the interaction in the three periods of the day
(off-peak-time, mid-time and peak-time).

• Our model reposes on a realistic EV battery model which integrates the
battery capacity, the battery degradation cost, and the EV availability.

• Finally, we note that, the present work is the complement of the work
presented in reference [40].

3 Vehicle to Grid Interaction: Problem Formulation

V2G concept requires a power connection to the grid, a communication con-
nection with the grid operator, and a suitable metering [23]. Furthermore, for
a better balance of supply and demand, V2G scenario requires the interaction
between the most important actors EV and SG. In this section we formally
study this interaction by the use of a Bayesian game approach that represents
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one of the most important tools for modelling behaviours and strategies of
interacting entities. We start by describing the proposed model that involves
the major characteristics of EV (i.e. battery parameters, EV availability, the
type of EV used) and the SG demand (i.e. the energy required to be supplied to
the SG). We then provide the payoff matrix related to EV and SG. We finally
predict the behaviour of EV and SG based on Bayesian Nash equilibrium.

3.1 Game Model of EV and SG Interaction

Bayesian game is an interactive decision involving several decision makers
(i.e. players) in which the outcome of person’s decision depends not only on
how they choose among several options, but also on the choices made by
the people they are interacting with [45]. In our approach, we consider two
players representing the major actors in a V2G concept: SG and the EV. On
one hand, the EV can perform two actions that are delivering electricity to
the grid or not, this will depend on the price proposed by the grid in a given
period of the day. On the other hand, the SG has also two actions which are
charging from EV or not; knowing that the SG has to be charged permanently
to satisfy the consumer’s demand, so if it doesn’t charge from EVs it will
charge from the other fossils sources and this will affect its gain. The chosen
action by a player affects the gain of the other player. EV and SG will choose
the appropriate action in order to maximize their own gain. There will be a
stable state at which no player cans increase its gain, this is achieved with a
help of a Bayesian Nash Equilibrium; that we used to determine the future
behaviors of both EV and SG.

Before presenting the utility matrix of the game between the SG and the
EV, we highlight and define in the following the notations and parameters
used in our formulation by:

Battery degradation cost: Battery degradation is one of the chief chal-
lenges of V2G technology [46]. Due to natural limitations, the use of a battery
is limited to a fixed number of cycles LC. LC is thus the maximum number
of cycles that the battery can charge/discharge in its life span [47]. Another
parameter that deteriorates battery is the depth-of-discharge (DOD) [24, 25].
DOD is used to describe how deeply the battery is discharged (e.g. if a battery
is 100% empty, the DOD of this battery is 100%). Therefore, in order to extend
the battery life time, the depth of discharge should not drop below certain level
(e.g. PHEVs batteries are used up to 60% of DOD, while pure EVs are used
up to 80% of DOD) [48]. The cost of battery degradation is given by the
following relation [26]:
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R =
Cbat/Cap

bat

LC ∗ Cap
bat

∗ DOD
(1)

Where Cbat represents the battery cost per kWh and Capbat is the capacity of
the battery.

EV availability: In V2G technology, the availability of electric vehicles
is necessary [49]. According to [50, 51], on one hand, more than 90% of all
vehicles are parked at any given time and can be used for V2G supply. On the
other hand, vehicle owners have an unpredictable nature and can move at any
time. Thereby, in our approach we use a penalty constraint for the EV owner
expressed as follows: if the level of the battery Batlevel(t) at time t (i.e. the time
when SG needs to charge) is greater than the needs of the driver and allows
him to deliver energy to the SG and he does not do, he will be penalized.
The needs of the driver is given by battery threshold Batth(t), which is the
minimum quantity of energy that must rest on battery for owner’s travel. We
want to point out that the penalty imposed to vehicle owner is not pecuniary
(i.e. in this case EV will not lose money) but it is a kind of regret of not making
money when the occasion was presented, this is well explained by the relation
X21 below.

Quantity of delivered energy to the grid: this quantity is given by the
following formula:

QEDi(t) = DOD ∗ (Batlevel(t) − Batth(t)) (2)

Quantity of required energy by the grid: The amount of requested energy
by the grid at time t is related to its capacity level in this time Cl(t) and is
given by:

Qeg(t) = Capeg − Cl(t) (3)

Where Capeg represents the grid capacity.
Environment benefit: As mentioned above, it is useless to electrify

automobiles if the electricity that feeds their batteries is not produced from
clean energy. Today 40% of CO2 emissions related to energy are caused by
electricity production [52]. In 2013 as presented in Figure 1 [53], more than
67% of energies used to produce electricity was fossils (gas, petrol, carbon)
which are the biggest emitter of greenhouse gases during their combustion;
11% was generated by nuclear, however nuclear is presented by its defendant
as an ecological solution to protect our environment and even the solution in
the fight against global warming climate because of their low CO2 emission
but contrariety to these misconceptions we must know that the nuclear industry
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Figure 1 World electricity production in the year of 2013.

taken in its entirety rejects significant volumes of CO2 linked to the life cycle
of the reactors, their fuel, and also to the need for fossil-fired plants during
peak demand by Non-fossil fuels that emit no or little CO2 have occupied only
22% of the global electricity mix: 16% of world electricity was hydroelectric
and 3% was derived from the other green energy (solar, wind, geothermal,
bioenergy) [52].

The minimal space occupied by the green sources for electricity produc-
tion is due to the uncertainties of their availability that constraint increasingly
the supply-demand balance of electrical system. This issue can be addressed
by the development of renewable energy storage system. Furthermore, the
storage of renewable energies permits recovering wasted energy in case of
the excess on their production. There exist many technologies and means of
green energy storage (Pumped Hydroelectric Storage, compressed air energy
storage . . . etc). However, for a small-scale storage, EVs play a promising
role, first of all, the battery used in the storage is paid by EV owner and this
will prevent the grid from equipment storage investment. Furthermore, EVs
is decentralized load storage, this is another attractive point that will reduce



60 Z. Bendiabdellah et al.

need for costly electricity transmission systems. Add to this gain, the SG will
avoid the social CO2 emission cost when charging green energy; this cost is
used in our work as a penalty imposed to the grid if it refuses to charge from
EV given by Pe. In the other case, it will charge from fossil energy and affect
negatively the environment.

3.2 Payoff Matrix

In the following, we present the payoff matrix of the game between the SG
and EV (see Table 1), where some notations are defined as follows:

Where: p and1 − p are the probabilities with which the EVplayer performs
that is deliver or do not deliver action, respectively, q and 1 − q are the
probabilities with which the SG player performs that is charge or do not
charge, respectively.

The payoff equation of each player is as follows:

X11 = −
n∑

i=1

QEDi(t) ∗ C + V(t)∗
n∑

i=1

QEDi(t).B − n ∗ R (4)

Y11 = −V(t) ∗
n∑

i=1

QEDi(t).B + n ∗ Pe ∗
n∑

i=1

QEDi(t) (5)

X12 = −
m∑

j=1

QEDj(t) (6)

Y12 = Pe ∗
m∑

j=1

Qegj(t) (7)

Y21 = Cl(t) (8)

X22 = 0 (9)

Table 1 Payoff matrix between the two players: SG and EV
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Y22 = Cl(t) (10)

X21 =
{−∑k

j�=1(Batlevel(t) − Batth(t)) ∗ V(t) ∗ B if Batth < Batlevel(t)
0 if Batth > Batlevel(t)

(11)

With:

• C is the electricity charging price by the EV. This cost is constant because
we will take the cost of electricity unit in off-peak time, that is the
most probable period of charging EV from renewable sources according
to [40].

• V(t) price of electricity unit bought by SG at time t. This price is related
to time because we are using the Time of Use pricing (TOU) in valorising
the cost of energy.

• B is a constant value that determines the period of the day when EV and
SG are interacting.

B =

⎧⎨
⎩

x: peak time if t ∈ [7PM−9PM]
y : mid time if t ∈ [7AM−1PM]
z: off peak time if t ∈ [3AM−6AM]

• Pe is the penalty price imposed to the grid if it doesn’t charge from EVs.
This penalty is the cost of the emission of unit of carbon dioxide.

• n is the number of times that the vehicle delivers energy to the grid.
• m is the number of unsuccessful attempts to deliver energy to the grid.

The EV delivers energy but the grid refuses to charge.
• k is the number of times that the vehicle rejects grid’s demand. The SG

wants to charge but the EV refuses to supply it.
• i ∈ {1 . . . n}, j ∈ {1 . . . m}, and j" ∈ {1 . . . k}.

In the following, we describe the set of strategies that could occur between
the SG and the EV.

3.2.1 Strategy combination (Deliver & Charge)
In this case, the EV proposes to sell energy and the SG decides to charge. X11
represents the gain of EV, which is the amount of energy delivered to the grid
multiplied by the price of energy. On one hand, the price depends on the time
operation. For instance, in a peak hour the gain of EV increases. On the other
hand, the battery undergoes degradation when discharging [45], which will
lead to decrease the EV’s gain. The gain of SG, Y11, relies on the quantity
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of energy purchased from EV. In addition, the SG will economise the cost of
CO2 emission given by Pe.

3.2.2 Strategy combination (Deliver & do not charge)
In this strategy, the EV wants to sell the energy stocked in his battery to the
SG, but this latter doesn’t buy (i.e. does not charge). The grid refuses to charge
because it has already the amount of energy needed or it had charged from
another source and it does not need more energy. Here, X12 represents the
failure of EV in selling energy to the grid, which is the amount of energy
stored in its battery multiplied by the number of times that grid has refused to
charge from EV. In this case, the grid will be penalized by the paying a cost
for CO2 emission on the environment. This is represented by Y12.

3.2.3 Strategy combination (Do not deliver & Charge)
In this case, the SG needs to charge, but the EV decides not to sell (i.e. do not
deliver). The EV doesn’t deliver because the energy remaining in his battery
is sufficient only for his own usage (i.e. Battery level is lower than the level
needed by the EV owner). If it is not the case (i.e. Batth(t) < Batlevel(t), the
vehicle will be penalized. This penalty is represented by X21 and therefore,
the SG keeps its capacity level as represented by Y21.

3.2.4 Strategy combination (Do not deliver & do not charge)
In this case, the EV gain, X22, will be null since it does not deliver energy to
the grid and the SG keeps its actual energy level as represented by Y22 value.

3.3 Bayesian Nash Equilibrium

The utility of Bayesian Nash Equilibrium (BNE) is to predict the future
behaviour of the SG and the EV and determine the permanent state, i.e.
each player has an interest in performing the same action [53]. Players are
in equilibrium if they remain with the current strategy while the others
remain invariant [50]. We use the BNE to determine the stage when both
EV and SG do not change their actions, which are respectively delivering and
charging.

Theorem
There is a mixed strategy BNE{EV player (deliver, p*), SG player (charge,
q*)} in which the EV chooses the delivering action when the probability
p < p* and the SG chooses the charging (i.e. permanent state action
when q > q*).
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Proof
On one hand, the EV expected payoff function UEV is defined as follows:

• UEV (Deliver) = q.X11 +(1 − q).X12 =
[
−∑n

i=1 QEDi(t)∗ c + V(t) ∗∑n
i=1 QEDi(t).B − n ∗ R +

∑m
j=1 QEDj(t)

]
q − ∑m

j=1 QEDj(t)

• UEV (Do not deliver) = q.X
21

+(1 − q).X22 =
[
−∑k

j�=1(Batlevel(t)−
Batth(t)) ∗ V(t) ∗ B

]
q

The purpose of EV is to maximize its payoff by choosing for a fixed p*, q*
values that maximize the probability to deliver energy to the SG. This solution
leads to equilibrium where the following equation should hold:

UEV (deliver) (p*, q*) > UEV (Don’t deliver) (p, q*)

The EV compute the optimal probability q* by setting q equal to zero. This
will result to the following equation:

q > q*, where:

q∗ =

∑m
j=1 QEDj(t)

−∑n
i=1 QEDi(t) ∗ c +

∑m
j=1 QEDi(t) − n ∗ R + V(t) ∗ B ∗∑m

j=1 QEDj(t)[ ∑n
i=1 QEDi(t) +

∑k
j′′=1(Batlevel(t) − Batth(t))

] (12)

and 0 < q* ≤ l
On the other hand, the expected payoff function USG of the SG is defined

as follows:

• USG (Charge) =p.Y
11

+ (1 − p).Y21 = [−V(t)+
∑n

i=1 QEDi(t).B + n ∗
PE ∗ ∑n

i=1 QEDi(t) − Cl(t)]p + Cl(t)
• USG (Do not charge) = p.Y

12
+ (1 − p).Y22 =

(
+m ∗ Pe ∗ Qeg(t) +

Cl(t)
)
p − Cl(t)

The purpose of SG is to maximize its payoff by choosing for a fixed p*, q*
values that maximize the probability to charge from EV, this solution leads to
equilibrium where the following equation should hold:

USG (charge) (p*, q*) > UEV (Don’t charge) (p*, q)

The SG compute the optimal probability p* by setting q equal to zero. This
will result to:
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p < p* where

p∗ = −V(t)
∑n

i=1
QEDi(t).B +

(
n ∗

∑n

i=1
QEDi(t) − m ∗ Qeg(t)

)
∗ PE

(13)

and 0 < p* ≤ 1.

4 Results and Discussions

In this section, we evaluate the performance of the proposed V2G interaction
game by simulation. The simulation is based on Matlab [29]. We use sample
parameters and data from a real-life scenario. The daily grid demand energy
data during the year of 2014 is obtained from California electricity grid in
[54]. The electricity prices are 90.3 dollar per kilowatt-hour ($/MWh) for
green sources and from 67–130 $/MWh for turbine gas, respectively, this
price are given by time-of-use pricing in [55]. We set off-peak-time from
3:00AM to 6:00AM, the peak-time from 7:00PM to 9:00PM and the mid-
time from 7:00AM–6:00PM respectively. As we aim to the integration of
renewable energies in SG within V2G. We perform our simulation on vehicle
with Zero emission (i.e. 100% electric). The vehicle is a Nisan leaf with a
typical lithium-ion battery model [56]. The battery parameters are given in
Table 1, and its degradation cost is calculated by (1). The Nissan leaf battery
cost is from 300 to 450 dollars per kWh. We assume that the EVs were charged
from renewable energies in off-peak-time with an average cost of 1.46 dollar
per kWh. 20% of the fully charged battery is used by the owner for his travel,
this represents the battery threshold. The quantity of energy delivered from
the EVs to the SG grid is calculated by (2). The SG and EV will use this data
to chose their actions; which are delivering or not and charging or not, for the
EV and the SG respectively.

In the following, we provide simulation results to illustrate the properties of
equilibrium strategies in the proposed game. We first analyse the interaction’s

Table 2 Simulation parameters
Parameters Definition Value
Capbat Battery capacity (kwh) 24
DOD Depth of discharge 80%
LC Life cycle 1500
Cbat/Capbat Battery cost (dollars/kWh) 300–450
Batth Battery threshold 20%
Capeg Grid capacity (MWh) 28000
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probability between SG and EV. Then, we evaluate the demand evolution,
the price evolution and the impact of V2G on environment.

4.1 Probability Convergence

It is shown in Figure 2(b) that the probability of delivering q* is rising from
the off-peak-time to the peak time from 0.41 to 0.84. This result is achieved
due to the two main parameters of EV’s gain, which are, energy price and
battery degradation cost. Furthermore, the energy cost at peak-time is more
expensive than off peak-time, where the battery cost which is based on battery
parameters remains the same during the three periods of the day. So, it is more
profitable for the EV to sell its stocked energy at peak-times at a ceiling
price. In Figure 1(a), the probability p* of charging by the smart grid during a
peak-time is more important than off-peak-time. This increase is that the grid
demand should cover all-time; otherwise the system will become unstable and
may occur blackouts specifically in a peak-time. It is noted that, in a peak-time
the requested energy reaches its maximum and consequently meets the high
price of buying electricity. Despite this fact, the grid will choose the charging
action to satisfy the lack in the energy needed. It can also be noted that the
probabilities of charging and delivering (i.e. p* and q*) depend on the number
of EVs since when this later increases both probabilities increase. From these
analyses, we conclude that V2G could be beneficial for EV and SG when they
choose respectively delivering and charging actions at peak-time.

4.2 Demand Evolution

Figure 3 shows a demand evolution of grid in function of the number EVs.
According to the energy delivered per vehicle in the three periods of the day
(off-peak-time, mid-time and peak-time). We can see that there is an inverse
correlation between the number of EVs and the amount of energy delivered
per EV, as the quantity of total energy supplied to the grid becomes sizable
when the number of EV is increasing. At first, the grid needs a big amount of
energy and after a moment, its level will be filled up and therefore the amount
of energy needed by the grid decreases and also the number of EVs.

4.3 Price Evolution

Figure 4 represents a comparison of purchasing electricity price from green
sources and non-green sources. On one hand, we found out that the prices
are increasing from off-peak-time to peak-time for both sources. On the other
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Figure 2 Probability convergence: (a) Probability p* that the grid charges, (b) Probability
q* that the electric vehicle delivers.
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Figure 3 Demand evolution.

Figure 4 Price evolution.

hand, we show that a high cost of purchasing price of non-green sources
about 0.3% compared with green sources. Furthermore, when the amount
of energy delivered is inferior to 1.3 * 105 MWh, the purchasing price of
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non-green sources is null. This is due to the fact that when grid decides to
charge, it prefers charging only from green sources; which are more profitable
for grid economy and more beneficial for environment (see impact of V2G
on environment below). Moreover, if the level of grid is not yet filled, it will
be obliged to recur to complete its charge from non-green sources and that is
illustrated in our study.

Besides the lower price of green sources, in V2G, EVs will be actors
in the promotion of renewable energy without engaging large investments
(e.g. EVs are dynamic; the SG will pay only the energy bought without
investing in electrical distribution line).

4.4 Impact of V2G on Environment

The following Table 3 [57] represents the electricity system power in Cali-
fornia. The biggest source used for electricity generation is natural gas with
330 to 360 g CO2 emission per kWh [58]. The natural gas represents 61.3%
of California In-State Generation and 45, 5% of the total mix power. On the
other hand, the renewable energies those represent a negligible CO2 emission
compared with natural gas, where an average of only 25 g CO2 is emitted
for electricity production by renewable energies, takes 20.1% of the total mix
power. At it is shown in the table, to compensate it total electricity needs, the
California state recourses to importation. More than 45% of its total energy
importation is fossils (coal and gas) and 13% is nuclear, this policy is the main
causes of environmental damage and here appears the impact of V2G for the
integration of the renewable energies in the power system in order to reduce
the negative impact of fossil electricity on the environment.

In 2013 California have adopted 174.000 EVs. Those EVs include 70.000
with zero emission [59]. If those EVs inject back power to the grid within
the V2G interaction game with an average of only 1 kWh per EV per day
25, 55 Gigawatt-heure [GWh] of renewable energy will be added to the mix
of power. This is approximately the quantity of (coal + nuclear) imported,
this will avoid the emission of millions of ton of CO2 caused by electricity
generation.

The proposed game approves this environmental benefit, where EVs
charge in the best ecological and economic conditions, storing and absorbing
a part of the production “fatal” of renewable energy and reinjecting energy
on the grid during peak demand, thus avoiding to start coal-fired or gas very
expensive and emitting CO2.
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5 Conclusion

For a green environment, certainly, the efforts should be directed towards the
electrification of transportation. However, how to produce energy is just as
important. This work focuses on the interaction between EV and SG in V2G
technology with objective of integrating renewable sources (green sources) in
SG. To study this interaction, a Bayesian game is formulated first. Then, based
on a Bayesian Nash Equilibrium (BNE), we evaluate interaction’s probability
between SG and EV for the three periods of the day (off-peak, mid and peak
hours). Results show that the EV will choose peak-time as the more profitable
moment of the day for delivering electricity to SG. As well, peak-time is also
chosen by the grid to be the best moment for charging action. These results
confirm that the proposed model yields are acceptable as they adhere to the
global concept of V2G (i.e. charging EV at off-peak-time and discharging
to the SG at peak time). Furthermore, to study the income of the integration
of renewable sources in SG, a comparison between green sources and non-
green sources that evaluate the cost and the impact on environment has been
performed. Green sources show a great advantage compared to the non-green
sources in term of cost. Moreover, the emission of CO2 of green sources is
almost non-existent compared with non-green sources. Even if SG chooses
to charge from green sources for their low cost and environment profit, at
peak time SG is obliged to combine these sources with non-green sources
to provide a continuous electrical production (that is without interruption).
Throughout this paper, we have assumed a series of interaction between EV
and SG, where we consider different parameters and characteristics such as
the battery’s capacity, the battery lifetime, EV availability, the SG capacity,
the environment benefit. The target market chosen for our study is peak load,
where the major objective of the proposed model is encouraging the integration
of renewable sources in SG.

As perspective, we aim to extend the proposed model to study the
interaction between EV and SG for the other markets (spanning reserve and
frequency regulation) and propose a game mode between a group of EVs
and SG.
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