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Abstract: The number of electric vehicles (EV) in the world has been increasing and is gaining
momentum. The large-scale use of EVs in public life has initiated the need to establish EV battery
charging services within the power system. Currently, EVs serve as a transportation tool and also as a
flexible load. This publication examines the possibility of the owner of an electric vehicle choosing a
battery recharging point, as well as of the involvement of several decision makers in the selection of a
charging schedule. This problem is important because we assume that a significant proportion of
EVs mainly use two parking spaces, one located close to the place of residence and another close
to the workplace. We accept and prove that a car charging station can be created by the employer
(company) and implemented in the best interests of the employer and the employee (EV owner).
For that, a coalition between the company and the EV owner has to be formed. To support rational
decisions, this study solves the problem using the cooperative game theory and designs a payment
distribution mechanism based on the Shapley value. The results obtained prove that the coalition is
beneficial under different conditions, which depend on the capacity of the EV, the distance between
the workplace and the place of residence, the difference in the electricity prices of the day, as well as
the consumption of the company. In order to estimate the coalition’s gain, it is necessary to take into
account the structure of the power tariff system for both the company and the EV owner. Furthermore,
we prove that the presence of a coalition allows the company and the EV owner to reduce the annual
fee for consumed power. The results of this analysis could be adopted by decision makers such as
government agencies, companies, EV owners, and they are recommended for potential investors for
the development of transport electrification and smart energy.

Keywords: electric vehicles; Shapley value; battery charging; optimization; coalition

1. Introduction

The gross consumption of renewables gradually rises every year. The installed capacity amount of
world renewable energy increased overall by 52.0% between 2009 and 2018 [1]. The use of renewable
energy sources is an important and necessary step towards limiting greenhouse gas emissions and
partially promoting transport electrification [2–8].

In various countries, a sharp growth in the number of electric vehicles (EV) is observed. The
automotive industry is seriously investing in the development of fully electric vehicles and hybrid
electric vehicles. In 2018, the global electric car fleet exceeded 5.1 million, an increase of two million
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from the previous year [9]. Due to the expected large-scale expansion of EV into the system, there is a
need for vehicle battery charging services [10,11].

An EV, as a consumer of electricity, acts as an energy storage system (store energy and even give
it to the power grid) [11–14] and also as an electrical load. Moreover, it is able to select the point of
network connection and the schedule of the charge/discharge process. These features of EVs in the
context of the growing use of renewable and very volatile energy sources attract particular interest,
as they provide a balance of consumed and generated energy. Additionally, freedom to choose a
consumption schedule for EVs offers regulation services and consumption flexibility that can be used
to solve a number of other important tasks [15] of the power grid and the system. Note that the EV can
only be used as a storage and balancing device when parked. However, this restriction is not vital for
most EVs, since they spend, on average, more than 90% of their time parked [10].

Electricity retail tariffs with time-varying prices enable consumers to minimize expenses by using
electricity from the grid during hours of its lowest cost. This determines an increasing interest in energy
storage technologies, from which, EVs are considered among the most promising ones [2]. EVs can be
connected behind consumers’ meters, and therefore they can use this system at their own discretion,
without coordination with the power grid operators. A desire to reduce energy costs requires solutions
to a number of tasks which include: choosing an electricity retailer, selecting control algorithms
from a wide set of options with varying complexity, forecasting prices, developing optimization, and
verification algorithms [3].

The spread of EVs is impossible without the creation of a network of parking stations which
provide the ability to charge EVs. It is important that the EV can act as a load or a distributed storage
device during the parking time in order to maximize benefits to the power system and the EV owner.
To further accelerate the process of electrification of cars, it is necessary to use the new functions,
integrate them into the network, and maintain rational control of the charging/discharging process.

A significant number of studies have been conducted to understand the opportunities and
challenges associated with the widespread deployment of EVs [10,15]. For example, the authors
of [10,16] focused on finding ways to integrate EVs into smart grids. The authors of articles [16–21]
described energy management systems for smart charging stations. These systems are built following
the aims of the distribution system operator and considering various types of EV battery charging
technologies, charging time restrictions, and other technical limitations.

A number of studies underline the importance to analyze EV users’ charging habits, preferences,
and opportunities to evaluate the beneficial charge and discharge time of the EV for the user and for
the network [17–20]. A study by [20] suggested a method which was focused on EV users’ benefits
that decreased the cost of battery capacity degradation, electricity cost, and waiting time for different
situations. Taking into account the EV users’ travel habits, a model of the EV aggregation was
developed in [17] to define the real-time available vehicle-to-grid capacity during an entire day. The
authors in [19] presented a method for the optimization of daily activity chains of EV travelers, using
the genetic algorithm structure to estimate a suitable schedule of activities. Two charging scenarios
were implemented. In the first case, the EV owner stayed at the charging station, and in the second
case, he charged the EV at the charging station while conducting another activity at a nearby location.
The authors of [16,19] described in detail the EV users’ traveling habits and EV implementation
in a home system. Analyzing the research results [16–20], we conclude that various EV traveling
routes are classified into two types, regular routes (home/work/home) and irregular routes (home
shops/hospital/social events/etc.). A number of studies have solved the problem of optimizing EV
charging processes [8,10] by using detailed models of battery charge and discharge procedures; some
models are relevant for cases with time-of-use tariffs (peak, mid-peak, and off-peak prices) [15]. The
division of prices into several zones significantly simplifies the task because the prices are known well
in advance and it is possible to use a deterministic approach and linear programming. However, the
greatest gain from the use of batteries is possible with tariffs that depend on the wholesale market
price of electricity, which is different for each hour, i.e., real-time pricing. The possibility of choosing
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dynamic tariffs based on wholesale market prices is provided in many countries [20]. Unfortunately,
time-of-use tariff-oriented methodologies cannot be applied in cases of hourly (or even more detailed)
price changes. Under these conditions, the task at hand is much more complex [10]. Systemic reviews
of energy storage system optimal control problems and their solution approaches are given in [21,22].
There are two main families of optimization approaches. In the first approach, standard formulations
of an optimal control problem use a deterministic model, where it is assumed that the state of the
system in question can be set for the entire planning period. In the second approach, in a more general
and complex case, researchers take into account the uncertainty that inevitably arises from the need
to forecast the state of the system in the future. If uncertainty is taken into account, in most cases, a
two-stage problem of stochastic programming is posed and solved [22]. The author of [21] claimed
that optimization-based approaches are frequently proposed for the control of EV charging; however,
they were simplified with several assumptions and were not compared to simpler approaches. As a
result, the author compared optimization-based approaches with rule-based approaches in a realistic
scenario, in which a certain limit for the total load had to be satisfied.

A significant number of publications [23–29] analyzed the formation of coalitions of several players
(decision makers). Reference [23] focused on the penetration of plug-in hybrid electric vehicles (PHEVs)
and its impact on the distribution grid. In the article, it was pointed out that using cooperation among
PHEVs and the grid effectively stimulated PHEV users to charge in the load valley and discharge at
peak load; it was concluded that a PHEV coalition is a win–win strategy for both the PHEV users
and the grid. In [24], the concept of cooperative EV-to-EV charging is presented. In this case, the
EV acts as both an energy provider and a consumer. A flexible energy management protocol with
various algorithms for the above-mentioned cooperation is developed. A coalition which included
a photovoltaic system and an EV charging station was considered in [25]. The authors proposed a
multiparty energy management for an EV charging station cooperating with a photovoltaic plant
in a smart grid. The research used a profit-sharing method which was based on cooperative game
theory. Simulation tests showed that in cooperation mode a profit growth trend was observed for each
subject of the coalition. Another alliance of three players, i.e., wind power, thermal power and EVs
was proposed in [26]. Three scheduling models of the alliance were presented for maximizing the
profit of the cooperation. The Shapley value (ShV) and other methods for the fair distribution of the
profit of the tripartite coalition were used. Unlike the above articles, reference [27] addressed a static
non-cooperative game formulation of the problem of distributed charging in EV systems. Two versions
of charging games were proposed. In both scenarios, equilibrium analysis was used. A view of a
cooperative game and an investigation of the cooperation of three players, i.e., the grid, a gas station,
and a car park was presented in [28]. Five possible coalitions of the profit model were simulated, and
the best case was found in which the three-party alliance could be proven. The ShV approach was
used to obtain the fair distribution of the coalition’s additional gain.

In summary, on the basis of the results of the publications devoted to EV smart charging control,
we conclude that there is a large number of ways and algorithms to solve this problem. Detailed models
of optimal control and effective algorithms for finding optimal solutions of EV charge processes have
been developed and tested. In particular, the following have been proposed: An EV optimal charging
method that could improve the gain of charging facilities, an EV optimal charging method that could
reduce the charging costs for the users, an algorithm that provides a profitable network operation
mode, and methods of forming coalitions that can provide additional benefits to their members. At
the same time, the possibility of forming a coalition between the owners of EVs serving one company
and the owners of this company remains unexplored. Such a statement of the problem is important
because we assume that a significant number of EVs mainly use two parking spaces [16,30] as follows:

1. At the place of residence (PR) of the owner of the electric vehicle;
2. At the place of work (PW) of the EV owner.

We assume that all parking places are equipped with battery charge systems and we believe that
these places are approximately equivalent in terms of user comfort. At the same time, the rules of
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billing at different sites can be diverse, partially because EVs are parked at a PR in the evening and at
night, but in the morning and during the day, most EVs are parked at a PW. The technical capabilities
of charging stations can vary. The EV owner can choose the location and the schedule for charging or
discharging the batteries, and we assume that the owner seeks to minimize the cost of energy used.
However, this cost not only depends on the choice made by the owner of the EV. It is influenced by the
decisions taken by the owners of the companies’ charging stations, who also seek to gain.

The freedom of choice of the location and schedule for charging and discharging an electric vehicle
can provide a reduction in the cost of the energy consumed. To achieve this, it is necessary to change
the formulation and solution of the optimal control problem. The main feature of the revised task is
the presence of a coalition which includes two or more actors who pursue different goals and decide
among optimization variables. The presence of several actors leads to the need to find a solution to the
problem using elements of the game theory.

The main contributions of this study are summarized as follows:

1. The possibility and the rationality of forming a coalition of the owners of electric vehicles serving
the same company and the owners of this company are investigated;

2. The tasks of maximizing and distributing the additional gain of the coalition are posed and, based
on the use of the Shapley value, they are solved;

3. On the basis of the analysis of the billing system of various countries, we offer a generalized
structure of the billing system using proportionality coefficients;

4. The effectiveness of the proposed approach is shown on the basis of the collected data (the
electrical load, the dynamic prices of electricity, the technical parameters of the electric vehicle
and the usual route).

The rest of the article is organized as follows: Section 2 describes the essence of problem; Section 3
is devoted to the statement of the control optimization problem, to the description of the methodology,
models, constraints, the current billing system’s rules; Section 4 contains a description of the initial
data and assumptions and it also reflects the results of the calculation of minimizing coalition costs;
and the last sections are devoted to discussions and conclusions.

2. The Essence of the Problem

Let us look at the important behavioral traits of many owners of electric vehicles which follows
from the fact that most of them are employees of various companies (industrial enterprises, educational
institutions, shopping centers, etc.). Employees spend much of their time at the workplace. Most of the
remaining time is spent at the place of residence. Let us assume that the company, i.e., the employer
(hereinafter referred to as the company) has a parking lot intended for its employees and equipped
with a car charging/discharging station. The presence of such a station allows the company not only
to ensure the comfort of the employees, but also to use the batteries of their EVs to control power
consumption. We assume that the duration of the working day is set and that during this time the
employees’ cars are parked. A simplified diagram of the situation is presented in Figure 1.
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Figure 1. The diagram of the situation under consideration.

In general, energy consumers can be equipped with bidirectional converters. However, in this
article we assume that the company’s stations are equipped with converters that provide only battery
discharge, and car owners only have the option of charging batteries at their place of residence. We
accept that energy supply processes are governed by the following rules: (1) the day-ahead electricity
market [31] and (2) the energy billing system [32]. Electricity consumers use smart meters and dynamic
tariffs, and therefore must consider hourly price changes. We also accept that the consumers depicted
in Figure 1. do not influence the prices of the electricity market and assume that the company and all
NEV users of the parking lot are striving to obtain an advantageous charging/discharging process of
the EVs and for this purpose coordinated actions of the company and the NEV users of the parking lots
are necessary. Creating a coalition necessitates the consent of all the potential participants. To form a
coalition, one needs the following: A tool to manage the behavior of the coalition members, a tool to
estimate the benefits and the economic efficiency of the coalition, and a methodology and a tool for
sharing the benefits of the coalition among the participants. Meeting these requirements is the primary
purpose of this article.

3. The Statement of the Control Optimization Problem

3.1. Objective Functions, Variables, and Constraints

A tool for managing the behavior of coalition members is created on the basis of setting and
solving the optimal control problem [28]. Before considering the optimization of the actions of a
possible coalition, we describe the objectives of individual participants in its absence.

Acting independently, in the absence of EV parking for employees, the company seeks to minimize
the cost of the energy consumed:

C
Tpl∗

comp =

Tpl∑
t=1

(Ct
Comp)→ min,∀ t ∈ Tpl (1)

where Tpl is the number of sampling steps ∆t (e.g., one hour) in the planning period of optimization,

Ct
Comp is the cost of the energy consumed by the company during hour number t, and C

Tpl∗

comp is the

minimized cost of energy consumed by the company during the planning period. The cost C
Tpl

Comp
depends on the consumption schedule, market prices, billing rules, and the availability of renewable
energy sources and operation of the energy storage systems. We assume that a minimization of the
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cost of energy consumed by the company during planning period Tpl is completed using one of the
developed methods [32–34].

The owners of the EVs, acting individualistically, charge their cars at the place of residence. We
suppose that the calculation and minimization of the cost of charging of each individual car i can be
made separately. The task of cost minimization for each car can be expressed as follows:

C
Tpl∗

EV,i =

Tpl∑
t=1

(Ct
EV,i)→ min,∀ t ∈ Tpl , ∀ i ∈ NEV (2)

where Ct
EV,i is the cost of the energy consumed by car number i during hour t, and €; C

Tpl∗

EV,i is the
minimized cost of energy consumed by car i during planning period Tpl.

In the case of a coalition (company and NEV cars), there is a desire to minimize the total energy
costs. This problem can be expressed as follows:

C
Tpl∗

coal =

Tpl∑
t=1

(Ct
Comp +

NEV∑
i=1

(Ct
EV,i + Ct

resid,i))→ min,∀ t ∈ Tpl, ∀ i ∈ NEV (3)

where C
Tpl∗

coal is the minimized cost of energy consumed by the coalition during planning period Tpl., €,
and Cresid,i is the cost of energy consumed by EV owner number i at their place of residence during
hour number t, €.

Note that the formation of a coalition is possible only if the total minimized cost of the coalition is
less than the sum of the minimized costs of the potential participants if they act independently from
each other, that is, if the following inequality is true:

Gcoal = (C
Tpl∗

comp + C
Tpl∗

EV ) −C
Tpl∗

coal > 0 (4)

where Gcoal is the gain of the coalition €.

Costs C
Tpl∗

coal , C
Tpl∗

EV,i, and C
Tpl∗

comp depend on the battery charge or discharge energy consumed during
each hour (decision variables) and its prices (state variables).

The simple forms of Equations (1)–(3) describe very complex tasks, since, in the general case, they
are nonlinear, stochastic, multistage expressions and contain a large number of decision and state
variables [10,22,35,36]. Indeed, Equation (3) can be presented in the following form:

C
Tpl∗

coal = F(Pt
pr, Wt, Wt

ch, Wt
disch, Wt

mov) (5)

where F is the costs minimization procedure; Pt
pr, Wt, Wt

ch, Wt
disch, and Wt

mov denote multidimensional
processes of change in time; Pt

pr stands for the energy prices; Wt is the amount of electricity consumed
by the company and by the residence of each EV (excluding the energy used by EV batteries);
Wt

ch and Wt
disch stand for the energy amount of charge and discharge of the batteries of each EV; and

Wt
mov is the energy consumption for the movement of each EV. Samples of Wt

ch, Wt
disch should be

considered as decision variables. Note that the number of decision variables can be quite significant.
Minimization procedures Equations (1)–(3), and (5) must be implemented taking into account

many technical and legislative limitations [35,36]. The fulfilment of these limitations, in particular,
are to ensure movement along a given route. Usually, the synthesis and application of procedure F is
based on the modeling of the process of charging and discharging the car batteries (CDB) [21,37] and
taking into account the cost of energy consumption. The CDB models are constructed by using the
technical parameters of the batteries and chargers.
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3.2. Charging and Discharging of Car Batteries (CDB)

A CDB process is usually characterized by the following main parameters:

• The maximum power WBESS (kWh) represents the maximum energy that the batteries can charge
or discharge;

• Charge and discharge efficiency ηch (%) or ηdisch, respectively, represents the conversion losses
during charge or discharge;

• Charge and discharge capacity Wch,h (kWh/h) or Wdisch,h, respectively, signify energy that can be
transferred per unit of charge or discharge time;

• Storage efficiency ηst (%) describes the time-based losses in the battery energy storage system;
• The estimated number of battery charge cycles, ncycle;
• The state of charge (SOC) Si (%) at any time i characterizes the degree of filling of the battery.

In the problem under consideration, there are two decision variables, the energy charged Wch and the
energy discharged Wdisch at time t, which are non-negative by convention. They are subjected to the
following constraints: {

Wt
resid + Wt

ch/ηch ≤ Pmax,PR·τ, ∀ t ∈ Tpl

0 ≤Wt
ch ≤ Pch, PR·τ, ∀ t ∈ Tpl

(6)

where Wt
resid represents the energy consumption by the EV owners at their place of residence during

hour t; kWh; Pmax,PR is the permissible maximum load of the charging station of the EV owner’s place
of residence, kW; τ is the time step (τ = 1 h); and Pch, PR is the power of the place of residence charging
station, kW.

Discharging consumption of electricity is carried out taking into account the following constraints: Wt
Comp −

NEV∑
i=1

Wt
disch,i·ηdisch ≥ 0, ∀ t ∈ Tpl

0 ≤Wt
disch ≤ Pch, PW ·τ, ∀ t ∈ Tpl

(7)

where Wt
Comp is the energy consumption of the company during hour t, kWh and Pdisch, PW is the power

of the Company’s discharging station, kW.
The state of charge (SOC) [38,39] of batteries St can be estimated as follows:

St = St−1 + Wt−1
ch −Wt−1

disch,i −wt−1
mov·

LEV

2
(8)

where LEV is the distance between PR and PW, km and wmov is the specific energy consumption for
movement, kWh/km. We assume that the distance LEV is given and known for each EV. The SOC must
be within its physical limits as described in the following constraint:

Smin < St < Smax

S f ≥ Smin + wmov·LEV

Sb = Smin + wmov·
LEV

2

(9)

where S f , Sb is the SOC of batteries before moving from the place of residence and from the
company, respectively.

3.3. The Cost of Energy Consumption

Samples of Pt
pr should be calculated according to the rules of billing considering market prices

(state variables), as well as additional taxes and fees that take into account the interests of electric
networks and the state. Energy pricing rules are drafted by government agencies and traders. There is
a wide variety of account generation rules [32,40,41]. Consumers have the right to choose the most



Energies 2020, 13, 1160 8 of 21

appropriate rules from the set available in each country. The problem of optimizing the scheduling of
the charge/discharge of batteries makes sense only if dynamic billing systems are used that take into
account hourly changes in energy consumption and its price. Such a system usually consists of three
components. The first is proportional to the energy market price at a given hour. The second component
is proportional to the energy consumed (without taking into account the market price during the
period of consumption). This component includes the sum of additional payments Pr add such as the
trade commission, the electricity distribution fee, an, the mandatory procurement component. The
third component is a fixed one, which depends on the capacity value (a capacity-based connection fee
to the distribution system operator; the mandatory procurement component for the connection) [41].

The billing rule, taking into account the presence of the named components, can be written down
in the following form:

Ct
i = km,i·Pt

r mark·W
t
i + k f ,i·Pt

r add ·W
t
i + P f ix,i (10)

where Ct
i is the total costs of the i-th end user for the electricity bill at hour t, €; Wt

i is the consumed
energy of the i-th end user at hour t, kWh; Pt

r mark is the electricity market price at hour t, €/kWh;
Pt

r add represents additional variable components of the billing system without the electricity market
price at hour t, €/kWh; km,i and k f ,i are proportionality coefficients; and P f ix,i is the fixed component of
the electricity bill for the i-th end user, €/kW(A)/hour.

The freedom to choose km,i, k f ,i and P f ix,i is limited by government decisions. Coefficients can be
selected by traders, acting within the framework established by the government, and by the consumers
choosing the most profitable trader.

It is important to note that the task to be solved requires a description of the system for the entire
planning period, which makes it necessary to forecast the parameters of the influencing processes. The
forecasting procedure is part of the general procedure for controlling the process in question. The
complexity of the forecast depends on the length of the planning period. The uncertainty of the forecast
and the number of decision variables increases with an increase in the planning period, which causes
additional complications, in particular, when choosing and implementing procedure F. Fortunately,
methods presented in scientific publications can be used when predicting processes, selecting and
implementing the F procedure, the complexity of which can be reduced by decomposing the planning
horizon into a set of smaller subhorizons [42]. If one uses a planning period of one day, the need to
predict prices disappears, because, according to the rules, tomorrow’s prices become known at a fixed
hour [31] of the current day.

Minimization of costs in accordance with Equation (2) while fulfilling inequality Equation (4)
and all the technical constraints leads to a solution that guarantees the lowest costs for the coalition.
However, the expenses of some members of the coalition can increase. It is necessary to redistribute
profits so that there are no victims of the merger. Redistribution of profits is required. Shapley
distribution can be used for this.

3.4. The Shapley Approach

If a decision is made to form a coalition and minimize its costs, an additional problem arises
regarding the distribution of its winnings between the players. For this, we can use a solution concept
introduced by Lloyd Shapley (Nobel Prize in 2012). According to the game theory, the ShV [42,43]
describes one approach for fairly distributing the benefits obtained by forming a coalition.

According to the ShV, the amount that player m gets in a given coalitional game (R,N) can be
described in the following form:

ϕm(R) =
∑

m<S⊆N

|S|!(N − 1− |S|)!
N!

·(R(S∪ {m}) −R(S)) =
∑

m<S⊆N

kS·(R(S∪ {m}) −R(S)) (11)

where N = {1, . . . , n}is the set of all players; n is the total number of players; R(S∪ {m}) stands for
the gains of coalition S with the participation of the m-th actor; R(S) is the sum of the players’ gains,
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if the coalition is formed without the participation of the m-th player; |S| is the size of set S, the sum
includes all subsets S of set N that do not include the m-th player; and kS is the distribution coefficient of
coalition S with the participation of the m-th player. To calculate the winnings of players and coalitions
(R (S ∪ {m}), R (S)), using Equation (11), it is necessary to solve the optimization problem in the form of
Equations (1)–(3). The minimization has to be done for all possible coalitions and player combinations.

It is worth noting that with the increase in the number of players, the number of possible
combinations of the coalition is growing exponentially. However, this difficulty can be circumvented
by uniting the participants in groups and by excluding impossible coalitions from consideration.

As a result of the distribution of extra winnings, each player receives a share of the total profit,
which compensates for additional expenses and takes into account the contribution of each participant
to the creation of additional benefits [42].

A simplified diagram of charge/discharge scheduling (including the ShV distribution process) is
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4. Case Study

4.1. Input Data and Assumptions

The following conditions and assumptions were taken into account in the simulation:
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• A one-day-long planning period Tpl is used for the optimization of the charge/discharge of
EV batteries;

• We consider the possibility of forming a coalition of four members, (1) a company with a discharge
station (company) and (2) three groups of electrical vehicles (GEV1, GEV2, and GEV3), each of
which consists of 10 vehicles with the same technical characteristics. The grouping was carried
out on the basis of the distance between the PR and the PW. The average length from PR to PW
was assumed to be 5 km for GEV1, 10 km for GEV2 and 15 km for GEV3;

• We assumed that the energy consumption of all participants Wt
m was predetermined and cannot

be changed;
• It is assumed that coalitions can be created only with the participation of the Company.
• The number of charge/discharge cycles per day is limited and equal to one;
• The cars are located at the company station from 8:00 till 17:00 and at the place of residence from

22:00 till 7:00;
• A residential station can be used only for charging;
• The company’s station can provide discharging of batteries. We assumed that the company’s

parking lot was used only on regular working weekdays. As a result, there were 248 working
days in the year in the region under consideration. The discharge energy was used only for the
needs of the company;

• The distribution fee of the energy consumption of the company is divided into three zones, the
day zone (from 7:00 to 8:00; from 10:00 to 17:00, and from 20:00 to 23:00), the maximum hour’s
zone (from 8:00 to 10:00 and from 17:00 to 20:00), and the night zone (from 23:00 to 7:00). In the
calculations, we did not take into account the night zone, because of the fact that the EVs are
discharged only from 8:00 till 17:00;

• The Pr add,resid and Pr add, Comp components included the sum of additional payments such as the
trade commission, the electricity distribution fee, and the mandatory procurement component for
the consumed energy;

• Because of the short lapse of time between the charge and the discharge, we assumed that the
capacity losses and the standby losses within a single cycle were equal to zero. The energy storage
capacity of the EV batteries was assumed to be 50 kWh. The state of charge (SOC) of the batteries
was limited to a range from 20% to 100% of the maximum. The energy consumption per kilometer
was assumed to be equal to 0.3 kWh/km;

• The discharging power of the company was 20 kW for one EV;
• We assumed that the SOC of all EVs at midnight was equal to 20%;
• The simulation was performed in MATLAB.

The main economic and technical assumptions are summarized in Table 1.
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Table 1. The key assumptions.

Name of the Parameter; Measuring Unit Value

Sum of additional variable components for the EV owner at the place of residence
(Pr add, resid), €/kWh [44,45] 0.0767

Fixed component of electricity bill for the EV owner at the place of residence
(P f ix,resid), €/annually [44,45] 168.04

Sum of additional variable components for the company (Pr add, Comp), €/kWh
[44,45]:

- day zone
- maximum hours zone

0.0594 0.0754

Fixed component of the electricity bill for the company (P f ix,Comp), €/A/annually
[44,45] 22.67

Energy storage capacity of the EV batteries, kWh 50
Energy consumption per kilometer (wmov), kWh/km 0.3
Number of EVs (NEV) 30
Charging efficiency (ηch) 0.94
Discharging efficiency (ηdisch) 0.94
Discharging power of the company, kW/EV 20
Rated maximum allowable current of the company, A 1200
Rated maximum allowable current of the residence, A 16
Number of phases at the residence 3

4.2. Calculation of the Costs of Energy Consumed

The energy consumption costs used in the objective functions Equations (1)–(3) can be calculated
using Equation (10). We assume that the battery charging schedule does not affect the size of the fixed
component and the cost of energy used for the needs of other consumers (excluding batteries). In this
case, the total variable price for consumed energy at the PR (for the EV owner) and the PW (for the
industrial or commercial consumer) can be calculated in the following form accordingly:

Pt
resid,i = km,i·Pt

r mark + k f ,i·Pt
r add,resid,i , ∀ i ∈ NEV, ∀ t ∈ Tpl

Pt
Comp = km·Pt

r mark + k f ·Pt
r add,Comp ,∀ t ∈ Tpl

(12)

In the case of using the energy stored by the company, the fee to the trader is reduced. This
decrease can be estimated as follows:

Ct
Comp = −

NEV∑
i=1

Wt
disch,i·P

t
Comp, ∀ t ∈ Tpl (13)

Note that in general:
Pr add, Comp , Pr add,resid (14)

Coefficients km and kf can be selected in the general case, and therefore can be considered as
decision variables. To avoid the need to solve the nonlinear problem, we consider the named coefficients
as hidden variables [46], the values of which can be found by enumerating their possible values. In the
examples below, we present two possible sets of hidden variables.
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4.3. Cost Minimization Procedure

Given the assumptions made, the task of minimizing the coalition costs can be written in the
following form:

C
Tpl

coal =

Tch=7∑
Tch=0

NEV∑
i=1

(Wtch
resid,i + Wtch

ch,i)·P
tch
resid,i +

Tdisch=17∑
tdisch=8

(Wtdisch
Comp −

NEV∑
i=1

Wtdisch
disch,i)·P

tdisch
Comp, ∀ tch, tdisch ∈ Tpl (15)

where tch and tdisch represent the start time of EV charging and discharging, respectively; Tch and Tdisch
stand for the end time of EV charging and discharging, respectively.

The solution of Equation (15) should be carried out taking into account the constraints Equations
(6) to (9), (14), as well as additional assumptions mentioned in Section 4.1. Despite the need for multiple
use of the minimization procedure (see Figure 2), the possibility of using linear programming allows
us to solve the problem of distributing additional profit for an acceptable time.

4.4. Example 1

The data displayed in Figures 3 and 4, regarding one randomly selected day of 2018 (6 January
2018), are used in the example below.
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The variability of energy prices over time and depending on the place of connection of the
consumer makes it possible to formulate the optimization problem. The optimized GEV1′s, GEV2′s,
and GEV3′s car charge/ discharge schedule is given in Figure 3. At night, all the cars charge their
batteries and give most of the energy to the company during the morning peak prices.

After receiving energy from the EV owners, it has become possible to smooth the peak loads. The
effects are shown on Figure 4.

As a result, the consumption of the energy received from the network during the hours of the
morning maximum price is significantly reduced (Figure 4).

The results of calculating the costs and winnings of the players and the distribution of the coalition
winnings are presented in Table 2.

Table 2. Charge/discharge expenses of the coalition participants (players), applying the existing
billing system.

Situations Company
Expenses, € GEV1 Expenses, € GEV2 Expenses, € GEV3 Expenses, €

Expenses without coalition 0.00 3.30 6.60 10.00

Expenses before the Shapley
distribution −121.90 42.5 (41.90) 1 42.5 (38.59) 1 42.5 (35.26) 1

Expenses after the Shapley
distribution −3.08 2.16 5.58 9.10

Winnings after the Shapley
distribution 3.08 1.14 1.02 0.9

1 The expenses of energy reserved for the transfer to the company.

The GEV cars charge batteries at night at a low price. In the absence of a coalition, the batteries
are charged with the energy necessary to move along a given route. In the case of a coalition, the
batteries are charged to their full capacity. However, at the same time, the owners of EVs suffer losses
because they charge more energy than they consume on the road. This energy is used by the company,
which avoids the costs in the volume of 121.90 € (Table 2), sufficient to compensate for the loss of
the GEV owners (41.9 €, 38.59 €, and 35.26 €) and receive an additional profit. The travel costs for
the automobiles fall by an average of about 20%. Regrettably, the additional profit, in this example,
is modest. This is easily explained by the existing consumer billing rules. According to these rules,
the market price of electricity determines only a smaller part of the final account (see Figure 3). The
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greater part of the bill consists of components that are formed only depending on the amount of energy
consumed, regardless of its price. As a result, consumers are poorly motivated to adapt the electricity
consumption to the market prices. The considered example confirms the above.

4.5. Example 2

In the new example, we introduce changes to the rules for billing electricity consumers. We
assume that the bill contains only a component proportional to the price of the electricity market. To
account for network costs, traders, and taxes/levies, coefficients km = 2.5 and kf = 0 for EV and km =

2.25 and kf = 0 for the company are used. The choice of the values of these coefficients was made so
that the rule changes did not lead to a decrease in the expenses in favor of the network and taxes. The
data shown in Figures 5 and 6, similar to Example 1, correspond to the same day (06 January 2018) and
use the same EV technical parameters and assumptions.
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Changes in the rules for creating an account led to a reduction in the prices at night (Figure 5), as
a result of which the cost of battery charge was significantly reduced. At the same time, the prices
rose during the peak hours. The changes in the prices have caused significant changes in the optimal
battery discharge schedule (let us compare Figures 5–7).
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The batteries are discharged during the hours of maximum market prices.
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The results of calculating the expenses and winnings of the players and the distribution of coalition
winnings are presented in Table 3.

Table 3. Charge/discharge expenses of coalition participants (players), applying the new billing system.

Situations Company
Expenses, € GEV1 Expenses, € GEV2 Expenses, € GEV3 Expenses, €

Expenses without coalition 0 2.2 4.4 6.61

Expenses before the Shapley
distribution −112.89 31.8 (29.6) 1 31.8 (27.4) 1 31.8 (25.19) 1

Expenses after the Shapley
distribution −15.28 −3.25 −0.69 2.06

Winnings after the Shapley
distribution 15.28 5.45 5.09 4.55

1 The expenses of energy reserved for the transfer to the company.

The energy charged by the GEV is used by the company, which avoids costs in the volume of
112.89 € (Table 3), sufficient to compensate for the loss of the GEV owners (29.6 €, 27.4 €, and 25.19 €)
and receive an additional profit. The distribution of the additional profit dramatically changes the
picture of the costs of the participants. The travel cost amounts for GEV1 and GEV2 reverse. Giving
batteries for the needs of the company allows GEV1 and GEV2 not only to fully compensate for travel
expenses, but also to make a profit.

4.6. Example 3

A third example is provided to assess the long-term benefits of forming the coalition in question.
The length of the planning period is assumed to be one year (Figure 8) and 2018 Nord Pool prices [47]
are used in the calculations. The task of optimizing the battery charge is solved for each working day,
and the annual costs are determined by summing up all the daily expenses.
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The results of calculating the annual expenses and winnings of the players and the distribution of
the coalition winnings are presented in Table 4.



Energies 2020, 13, 1160 17 of 21

Table 4. Annual charge/discharge expenses of the coalition participants (players), applying the new
billing system.

Situations Company
Expenses, € GEV1 Expenses, € GEV2 Expenses, € GEV3 Expenses, €

Expenses without coalition 0.00 736.41 1472.82 2217.01

Expenses before the Shapley
distribution −35,899.16 10,878.21

(11,614.62) 1
10,141.80

(11,614.62) 1 9397.61 (11,614.62) 1

Expenses after the Shapley
distribution −2740.23 −320.41 560.71 1445.72

Winnings after the Shapley
distribution 2740.23 1056.82 912.11 771.29

1 The expenses of energy reserved for the transfer to the company.

The energy charged by the GEVs is used by the company, which avoids costs in the volume of
35,899.16 € (Table 4), sufficient to compensate for the loss of the GEV owners (10,878.21 €, 10,141.80 €,
and 9397.61 €) and receive an additional profit. The travel costs of GEV1 reverse. Giving batteries
for the needs of the company allows GEV1 not only to fully compensate for travel expenses, but also
to make a profit. The costs of groups GEV2 and GEV3 decrease approximately three and two times,
respectively. It is important to note that as a result of fluctuations in the market prices, not all the
days meet the conditions for forming a coalition. In this example, based on the 2018 prices, out of 248
working days for the formation of a coalition, the following were favorable: for GEV1, 200 days; for
GEV2, 198 days; and for GEV3, 194 days.

5. Discussion

Creating coalitions that include employers and employees who own electric vehicles can be
beneficial to all participants. The profitability of the coalition depends heavily on price fluctuations
and billing rules, which vary from country to country. The business idea discussed in the examples is
not the only one. There may be conditions when it is profitable to charge cars at a company’s parking
lot and discharge them at a place of residence; a distribution grid can participate in the coalition. One
can get additional benefits by participating in intraday, balancing (primary and secondary frequency
control and voltage regulation), or capacity markets [48].

The above-mentioned possibilities form the basis of further research aimed at accelerating the
electrification of transport.

Let us note that the final decision on the division of the coalition profits should be taken by the
coalition members during the negotiations, as the Shapley distribution is not a legislative act that forces
members to cooperate in accordance with the cooperative game theory. The described methodology
and results only facilitate the correct decision making.

6. Conclusions

An EV can be used to create flexible, time-controlled electrical network loads. At the same time,
contrasting other technologies that consume energy, the EV is able to change the consumption schedule
in time and also in space, choosing the place of charging/discharging the batteries. This property can
be useful for all participants in the energy supply process.

Most of the time, electric cars are parked at two places, at the place of residence and at the company
of the employer. This fact allows planning the charging of batteries, taking into account the interests of
the employer and the owner of the EV. In assessing the profitability of projects for the construction and
control of charging stations, one should consider the possibility of creating a coalition of station owners
and EVs. Equitable distribution of coalition winnings can contribute to the spread of EVs, reduce
emissions into the atmosphere, and improve the efficiency of energy supply. The Shapley approach
provides a methodological basis for implementing a rational distribution of winnings derived from
concerted actions of coalition members.
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Nomenclature

NEV Total number of users of the parking lots (total number of EVs)
Tpl Number of sampling steps ∆t (e.g., one hour) in the planning period of optimization
Ct

Comp Cost of energy consumed by the company during hour number t (€)

C
Tpl
comp Minimized cost of energy consumed by the company during planning period Tpl

i Number of each individual EV
Ct

EV,i Cost of energy consumed by car number i during hour number t (€)

C
Tpl

EV,i Minimized cost of energy consumed by car i during planning period Tpl (€)

C
Tpl

coal
Minimized cost of energy consumed by coalition during planning period Tpl (€)

Cplay,m Minimized cost of energy consumed by each m-th player, separately (€)
Gcoal Gain of coalition (€)
Ct

resid,i Cost of energy consumed by EV owner number i at residence during hour number t (€)
F Costs minimization procedure
Pt

pr Energy prices at hour t (€/kWh)

Wt Amount of electricity consumed by the company and by the residence of each EV
(excluding energy used by EV batteries) (kWh)

Wt
ch, Wt

disch Energy amount of charge and discharge of batteries of EV (kWh)
Wt

mov Energy consumption for the movement of each EV (kWh)

Wch,h, Wdisch,h
Charge and discharge capacity, correspondingly signifying energy that can be transferred
per unit of charge or discharge time (kWh/h)

ηst Storage efficiency
Si State of charge of car i
ηch Charging efficiency coefficient
Wt

resid Energy consumption by EV owner at residence during hour t (kWh)
Pmax,PR Permissible maximum load of EV owner’s residence (kW)
τ Time step (τ = 1 h)
Pch, PR Capacity of residence charging station (kW)
ηdisch Discharging efficiency coefficient
Wt

Comp Energy consumption of the company during hour t (kWh)
Pdisch, PW Capacity of the company’s discharging station (kW)
LEV Distance between the PR and PW (km)

Specific energy consumption for movement (kWh/km)

S f , Sb
SOC of batteries before moving from the place of residence and from the company,
respectively

Ct
i Total costs of i-th end user for the electricity bill at hour t (€)

Wt
i Consumed energy of i-th end user at hour t (kWh)

Pt
r mark Electricity market price at hour t (€/kWh)

Pt
r add

Additional variable components of the billing system without the electricity market price
at hour t, (€/kWh)

km,i, k f ,i Proportionality coefficients
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P f ix,i Fixed component of electricity bill for the i-th end user (€/kW(A)/hourly(annually))
N = {1, . . . , n} Set of all players
n Total number of players
m Number of each individual player
R(S∪ {m}) Gains of coalition S with the participation of the m-th actor (€)

R(S)
Sum of the players’ gains, if the coalition is formed without the participation of the m-th
player (€)

|S| Size of set S, the sum includes all subsets S of set N that do not include the m-th player
kS,m Distribution coefficient of coalition S with the participation of the m-th player
tch, tdisch Start time of EV charging and discharging, respectively
Tch, Tdisch End time of EV charging and discharging, respectively
ncycle Number of battery charge cycles
Acronyms
EV Electrical vehicle
PHEV Plug-in hybrid electrical vehicle
ShV Shapley value
PR Place of residence
PW Place of work
CDB Charging and discharging of car batteries
GEV Group of electrical vehicles
SOC State of charge
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