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Abstract 

Application of renewable energy sources is a relevant area of energy supply for urban infrastructure. 

In 2019, the share of energy produced by such sources reached 11% (for solar energy) and 22% (for 

wind energy) of the total energy produced during the year. However, these systems require an 

improvement in their efficiency that can be achieved by introducing electric vehicles. They can 

accumulate, store and transfer surplus energy to the city’s power grid. A solution to this problem is 

a smart charging infrastructure. The existing studies in the field of charging infrastructure 

organization for electric vehicles consider only models locating charging stations in the city or the 

calculation of their required number. These calculations are based on socio-economic factors and 

images of a potential owner of an electric vehicle. Therefore, the aim of this study is to develop a 

methodology for determining the location of charging stations and their required number. The 

calculation will include the operating features of the existing charging infrastructure, which has not 

been done before. Thus, the purpose of this article is to research the operation of the existing 

charging infrastructure. This will provide an opportunity to develop approaches to the energy supply 

of charging infrastructure and city’s power grid from renewable energy sources. The article presents 

an analysis of data on the number of charging sessions during the year, month and day. This data 

enable us to construct curves of the charging session number and suggest ways to conduct the next 

stages of this study. 
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1- Introduction 

Recently, the use of alternative energy sources, including power facilities in settlements, has become increasingly 

important [1, 2]. At the moment, the share of electricity use from renewable sources is 26%, including hydropower [3]. 

This type of energy is becoming more and more popular, and this is also the global energy agenda. The largest energy 

reserves are accumulated in solar and wind energy. Their share at the moment is in aggregate about 9% of the total 

amount of electricity generated [4]. Despite a 2.9% decrease in total power generation, solar and wind power 

generation increased by 33% combined [5]. 

However, the use of renewable energy sources in cities is connected with a number of problems associated with the 

presence of obstacles to the movement of air masses and shading when generating energy from solar panels. 

Electricity for consumers is not supplied from renewable energy sources directly, but rather from a buffer capacity, 

which is a storage battery. At the same time, a high-voltage battery of an electric vehicle can play a role of a buffer 

capacity. According to the analytical agency IRENA, by 2030 the number of electric vehicles will have grown to 0.16 

billion units [6]. This growth in electric vehicles will allow the creation of a V2G network and use the electric vehicle 

as a source of reserve power for the city's power grid. However, the implementation of this approach requires the 

development of smart charging infrastructure that supplies energy to the power grid of the city. 
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The accelerated growth in electric vehicle numbers has led to the need to develop charging infrastructure for 

electric vehicles [7, 8]. The leaders in the construction of charging infrastructure are the Netherlands, where there is 

one charging station per 5 km of the road [9]. In general, there are now 5 million charging stations in the world, 10% 

of which are public [5]. This indicates that, in general, the charging infrastructure in cities is not well developed, 

especially in Russia. 90% of charging stations are created by electric car owners; they are slow and privately owned. 

This can lead to peak loads in the evening when electric vehicles are massively charged from slow charging stations 

[10]. These problems indicate that when public charging infrastructure is created, it is necessary to use electric 

vehicles as temporary energy storage devices that can be connected to a single power grid and smooth out peaks in 

electricity consumption. Therefore, the creation of a public charging infrastructure is a prerequisite for the 

development of electric vehicles. 

Existing research related to the development of charging infrastructure includes issues related to determining the 

location of the charging station for electric vehicles and their number [11, 12]. The research is based on the following 

factors: distance to the power plant for both the driver and the electric vehicle. Their number is determined mainly by 

socio-economic factors [13]. An analysis of the correct functioning of an existing charging station is usually not 

considered. Some of the authors confirm the need for a deep analysis of the functioning of the existing charging 

infrastructure [14, 15]. An analysis of the operation of the existing charging infrastructure will allow us to find errors 

and approach the formation of the future charging infrastructure for electric vehicles more correctly. This study is 

aimed at developing correct approaches to the formation of charging infrastructure and determining the number of 

charging stations and their installation locations. The study will include an analysis of the existing charging network in 

a specific locality. It will be based not only on the image of a potential owner of electric vehicles, but also on the 

features of the existing charging infrastructure operation. 

The purpose of this article is to present approaches to the formation of an urban charging network for electric 

transport, taking into account the possibilities of obtaining power from renewable sources and taking into account the 

existing charging points for electric vehicles. 

2- Literature Review 

The use of RES can be used to reduce the negative impact on the power grid during the period of maximum 

electricity consumption. Bernie D.P. considers the use of solar-powered charging stations in areas of high 

concentration of people [16, 17]. There are a number of studies considering retrofitting a household's power grid with 

RES in order to compensate for peak loads in the grid in the evening. They examine the balance between electricity 

from a standard grid and electricity supplied to a household from electric vehicles [18, 19]. The results of these studies 

indicate that the use of electric vehicles as a buffer capacity can reduce the consumption of electricity from the 

network at peak times by a third [20]. 

The use of distributed energy elements in a standard power grid, to which electric vehicles can be classified, is a 

promising area of research in the creation of SmartGrid [21]. These systems will allow the integration and 

management of all elements of the city's power system and charging infrastructure, in particular. The current 

unpredictable charging of electric vehicles at any time can lead to shifts in peak loads for which the city's grid may not 

be prepared [22]. Reducing this impact is possible with the use of scientifically based approaches to the charging time 

of cars. 

The influence of the charging infrastructure on the load of the city's power grid is changed by selecting its optimal 

type (fast charging stations/battery swap, home charging stations, public charging stations/workplaces) [23]. This 

approach is applied when designing a charging network, using its elements in specific places in the city. In operation, 

the adaptive control of car charging using time series is considered, taking into account the convenience of owners of 

electric vehicles in terms of car charging [24]. Shahid et al. (2012) and Simonov (2011) [25, 26] considered the 

estimation of the time of connecting electric vehicles to the charging infrastructure using integrated sensors, both in a 

charging station and in an electric vehicle. The same devices, connected with a single control center, will make it 

possible to correctly charge a fee for using the charging infrastructure. These devices also provide a differential charge 

of batteries or transfer energy back to the city’s electric network. In this case, rate regulation is implemented by 

modeling a multilayer market [27]. In this case, it is proposed to implement tariff regulation by modeling a multilayer 

market, which will include aggregators (sellers of energy from the power grid), owners of electric vehicles (sellers of 

energy to aggregators), and elements of a smart city energy system (buyer of electricity). Research data confirm that 

this approach is more efficient than the conventional use of electric vehicles. But Drude et al. (2014) noted that the 

implementation of this approach requires strict regulation of rates [28]. This paper proposes strict tariff regulation in 

the emerging market. Lack of such regulation will cause a decrease in electricity prices.  

The functioning of the proposed technologies is possible only when using renewable sources as an energy source. 

P. Kumar, M. Singh and I. Kar presented a device for the introduction of charging infrastructure in the smart city grid 

[29]. It can change the battery charging rate depending on its condition. In the work of Garkynak and Khaligh (2009), 
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a home charging system from RES is proposed, operating in a test mode in Chicago, Illinois [30]. Carli and Sheldon 

(2013) [31] focuses on taking into account the physical and electrical characteristics of alternative energy sources to 

create a charging infrastructure.  

The use of renewable energy sources will not only reduce peak loads on the power grid, but also lead to lower costs 

during the operation of charging stations [32]. The introduction of photovoltaic panels and a wind generator into a fast 

charging station enabled. According to Apajalahti et al. (2017) and Pan et al. (2010) [33, 34] studies, the use of a wide 

range of energy technologies will allow organizations of various profiles to be involved in the process of creating a 

charging infrastructure. 

The correct functioning of the network of charging stations is based on the method of determining their location, 

depending on a number of factors. In Kibaara et al. (2020) and Pashajavid and Golkar (2013) [35, 36] studies, it is 

noted that the places of installation of charging stations with renewable energy sources should take into account the 

minimum losses from the energy source to the charging station. The calculation of the number of such charging 

stations and their total capacity is carried out on the basis of the theory of queuing systems and simulation of the 

features of their functioning [37, 38].  

Until now, no developed and tested methods have been found to determine the characteristics of the renewable 

energy charging infrastructure. The existing approaches do not use the data of the created charging infrastructure, 

which could provide a basis for analyzing the lower costs for their operation and operation of electric vehicles [39, 

40].  They did not consider the features of the existing network of charging stations. But this approach enable reducing 

capital costs for owners of infrastructure and operating costs for owners of electric vehicles. The patterns obtained in 

the work will be used to assess the possibility of connecting to the existing charging infrastructure with renewable 

energy sources. This will expand the results of Anisimov et al. (2018) [1]. 

3- Research Methodology 

The performance of the charging infrastructure was analyzed on the basis of data from the cities in Russia where 

their number differs from the national average. The assessment is given taking into account the climatic features of 

Krasnodar, Yekaterinburg, and Vladivostok. 

The initial data for the analysis are: 

 The number of electric vehicles using public charging infrastructure; 

 The time during the day at which the charging session is performed. 

 The number of charging sessions performed by all stations during the day; 

 The number of charging stations in the city; 

 For the analysis, we used data from the PlugShare digital platform processed in Microsoft Excel. 

The results of processing the received data were: 

 Graphical dependence of changes in the number of charging sessions accounted for by public charging stations, 

taking into account the charging time and month of the year; 

 Graphical dependence of changes in the number of charging sessions of electric vehicles in different months of 

the year; 

 Graphical dependence of changes in the number of charging sessions of one electric vehicle during a month; 

 Graphical dependence of changes in the operation factor of the charging station during the day. 

These results will be used to select the number of renewable energy indicators for further research. 

4- Results and Discussion 

The charging session of electric vehicles during the day is not predictable and is random [41, 42]. To assess its 

random nature, their number was determined by months based on the PlugShare platform and presented via graphical 

dependencies, Figure 1.  
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(а) 

 

(b) 

 

(с) 

Figure 1. Curves of changes in the number of charging sessions performed by the public charging infrastructure during the 

year for: (a) Krasnodar; (b) Yekaterinburg; (c) Vladivostok. 

Analyzing the data obtained, we came to the conclusion that with a decrease in air temperature, the number of 

charging sessions at public charging stations slightly decreases. The first conclusion that can be made by analyzing 
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these dependences is that the number of electric vehicles in operation is reduced when the air temperature drops. 

However, after conducting the next series of studies, it was discovered that the number of electric vehicles charged in 

the winter period does not behave steadily; in some cities, it decreases, in some, it grows slightly. This is shown in the 

graphical dependences in Figure 2. 

 

(а) 

 

  (b) 

 

(с) 

Figure 2. Curves of changes in the number of electric vehicles charged from public charging infrastructure in:                              

(a) Krasnodar; (b) Yekaterinburg; (c) Vladivostok. 
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In general, these fluctuations in the number of cars using charging stations in winter are in an insignificant range 

and it can be assumed that this number remains stable in winter. The same conclusion, about insignificant fluctuations, 

is confirmed by the data obtained by the authors in previous studies on the number of charging sessions of one electric 

vehicle per month and presented in Figure 3. 

 

  (а) 

 

  (b) 

 

(с) 

Figure 3. Curves of changes in the number of charging sessions performed by one electric vehicle, carried out by public 

charging infrastructure for a month in: (a) Krasnodar; (b) Yekaterinburg; (c) Vladivostok. 
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Low air temperatures lead to a decrease in the number of charging sessions at public stations for one electric 

vehicle during a calendar month. It is logical that the number of charging sessions from the home grid increases. This 

is due to the fact that low air temperatures cause longer battery charging times, which becomes uncomfortable for 

electric vehicle users. They begin to actively charge the electric car from the home grid at night. 

In the future, the patterns obtained will allow us to make a more correct choice of renewable energy sources, 

directing an even distribution of demand for the winter period. It is the winter period for regions north of 50 degrees 

north latitude that is problematic in terms of power generation.  

The use of renewable energy sources can be widely used when a forecast is made about the time of active use of the 

public charging infrastructure for a particular city. Figure 4 shows graphical dependences describing the regularity of 

the change in the operation factor of the charging station during the day. 

 

Figure 4. Curves of changes in the operation factor of charging stations during the day. 

The results of the analysis of the distribution of charging sessions during the day allowed us to conclude that the 

peak of charging sessions occurs in the daytime. This fact confirms that even in the northern regions the use of 
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stations at night is possible in three ways: from a wind generator, from a battery pack charged during daylight hours, 

and from electric vehicles that have surplus electricity in the battery. However, a detailed study of the results indicated 

that a great utilization rate of the charging sessions is observed in the evening. In this case, the energy supply of the 

charging infrastructure from renewable energy sources can be difficult [24]. It is due to the fact that the electric 

vehicle must transfer surplus energy to the city's electric network in the evening. For uniform consumption of 

electricity from renewable energy sources at charging stations, it is necessary to encourage owners of electric vehicles 

to charge their vehicles during daylight hours from 9 to 16 hours. This can be achieved through the application of 

differentiated tariffs.  

5- Discussion  

In this study, we analyzed the articles that let us evaluate the proposals given in these articles, the features taken 

into account when organizing the process, the advantages and disadvantages that are based on the opinion of the 

authors. Table 1 shows the articles closest to the area of our research and their analysis. 
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Table 1. Analysis of publications on the use of renewable energy sources in the organization of electric vehicles charging sessions. 

Research 

work 

Proposals for the organization of 

charging infrastructure for electric 

vehicles using renewable energy 

sources 

Features considered at the 

organizing stage 

Advantages (according to the 

authors) 

Disadvantages 

(according to the 

authors) 

Birnie (2009) 

[17] 

Application of charging stations 

with photovoltaic systems for 
electric vehicles in places of work. 

Provided range of electric 
vehicles. Cost of a solar system 

with a charging station and its 

payback. Number of electric 
vehicles in operation. 

Organization of parking 

spaces. 

Reduced peak load on the city's 
power grid in the evening as a 

result of replenishing the charge 

of the TAB battery of electric 
vehicles in the daytime and the 

possibility of its return in the 

evening. 

Long payback 

period for charging 
infrastructure. 

Large area occupied 

by photovoltaic 
panels 

Gurkaynak 

and Khaligh 

(2009) [30] 

Application of charging stations for 

electric vehicles with the ability to 

return energy to the grid in 
households 

Household power grid load 

profile. Annual data on solar 

radiation. Characteristics of the 

equipment used when 

organizing a charging station 

Reduced peak load on household 

power grids by 37%. Meeting 

the demand for electricity in the 

household not only during the 

day but also throughout the year 

High cost of the 

system. Other 
energy sources must 

be introduced into 

the developed 
system to improve it 

and ensure its 

reliability. 

Deilami et al. 
(2011) [22] 

Application of the intelligent 

charging infrastructure 

management system 

Random nature of connecting 

electric vehicles to a charging 

station. 
Voltage profile. 

Losses and restrictions arising 

from power generation. 

Actions of the participants in the 

city's power system can be 
coordinated. Reduced peak loads 

on the city's grid 

Developed roposals 

are available only 
for "slow" charging 

stations. 

Dominguez-
Navarro et al. 

(2019) [32] 

Application of fast charging 

stations for electric vehicles with 

the integration of renewable energy 
sources and storage systems 

Station profitability. Amount 

of energy consumed. Charging 

time intervals for electric 

vehicles. State of the TAB 
battery of electric vehicles 

arriving for charging. 

Increased profitability of the 

charging station and high power 
for fast charging of electric 

vehicles. 

 

High capital costs. 

Additional energy 

storage system is 
required 

Calise et al. 

(2019) [43] 

Implementation of a grid-to-vehicle 
system for electric taxis and a fleet 

of freight vehicles 

Hourly energy consumption of 

electric vehicles. Average daily 

vehicle mileage. Electricity 
storage technologies. 

Constructive and technical 

parameters of the organized 
system. 

Reduced costs and increased 

power generation from 
renewable sources in summer. 

Relatively short payback period 

of the system. 

High volume of 
electricity onsumed 

in winter. 

Sun et al. 
(2019) [44] 

Selection of the optimal equipment 

for charging stations, their optimal 
location and calculation of the 

required number 

Applied charging technologies 
for electric vehicles. 

Constructive and technical 

parameters of operated electric 
vehicles. 

Increased profitability in the 

operation of charging 
infrastructure. Reduced time 

spent on using the charging 

infrastructure. Improved energy 
efficiency of the charging 

infrastructure and reduced load 

on the city's power system. 

Possibility to optimize the 

existing charging infrastructure. 

A network of 

charging stations 
must be designed 

during organizing 

The analyzed methods of organizing the charging infrastructure using renewable energy sources, except for Sun et 

al. (2019) [44], are based on the use of new technologies when creating a charging infrastructure.  

The method described in Sun et al. (2019) [44] allows considering the introduction of changes in the existing 

charging infrastructure. However, this method requires a preliminary calculation of the number of charging stations 

and their location. This paper presents the results of calculating the number of charging stations. 

The presented research analyzes the works related to approaches to determining the optimal number of charging 

stations and their location. This analysis is given in Table 2. 
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Table 2. Analysis of publications on the location and number of charging stations for electric vehicles in cities. 

Research work 
Methods for calculating the 

number of charging stations 

Advantages (according to the 

authors) 
Disadvantages (according to the authors) 

Wang et al. 
(2013) [45] 

Energy equivalence method 

Calculating the maximum 

amount of energy that must 
be generated to satisfy a fleet 

of only electric vehicles 

No phased development plan for the charging 
infrastructure. 

No possibility of calculating the required number of 

charging stations for a limited number of operated 

electric vehicles 

Gimenez-Gaydou 

et al. (2016) [12] 

Calculation based on the 
image of a potential owner of 

an electric vehicle 

Calculating the number of 
charging stations based on 

the image of a potential 

owner of an electric vehicle 
and drawing up a plan for a 

gradual transition 

No adjustments and changes during the development of 

the charging infrastructure. 

No accounting for existing technologies used for 

charging electric vehicles. 

Wolbertus and 
Hoed (2019) [46] 

Calculation of the number of 

charging stations taking into 
account data on the demand 

for charging 

Calculating the number of 
charging stations based on 

data on the behavior of 

electric vehicle owners and 
their number 

No adjustments and changes during the development of 

the charging infrastructure. 

No accounting for existing technologies used for 

charging electric vehicles. 

Li and Su  

(2011) [38] 

Calculation of the number of 

charging stations based on 
the queuing theory  

Accounting for data on the 

fleet of electric vehicles and 
the value of capital costs 

required for the construction 

of charging infrastructure. 
Accounting for the 

technologies used when 

organizing the charging 
infrastructure 

No accounting for the random nature of functioning of 

the charging infrastructure 

In this work, to take into account the features of the organization of the charging infrastructure, the method based 

on the queuing theory given by Li and Su (2011) [38] was applied. Firstly, because collecting data that do not account 

for the features of the functioning and operation of electric vehicles and the existing charging infrastructure is a 

complex process, and secondly, because the peculiarities of the applied charging technologies are not taken into 

account. In the specified method, we can do this by obtaining the patterns of changing the charging time of electric 

vehicles from the charging stations in operation. In doing so, we used a preliminary analysis of data on the functioning 

of the existing charging infrastructure. 

The method based on the queuing theory has found wide application in studies related to the organization of the 

process of functioning of urban passenger transport. We use this approach to assess the characteristics of the charging 

infrastructure for electric vehicles. In the work of Conti et al. (2017) [40], the regularities of changes in the number 

and type of charging stations on the route depending on the average speed and parameters of bus occupancy are 

considered. According to the authors, this approach to planning the charging infrastructure leads to more efficient and 

less costly network operation. However, a number of authors, e.g. Fusco et al. (2013) [47], and others believe that the 

power consumption of an electric bus on the route depended on dynamic factors, the topography of the road, the length 

of the route, the volume of traffic on the route, and the operation of climatic equipment. De Filippo et al. (2014) [48] 

considered a different pattern and assessed the influence of the type and number of chargers on the power 

consumption of an electric bus. Thus, in the scientific world, there is no consensus on approaches to determining the 

optimal number of charging stations and their location. Therefore, studying the features of the existing charging 

infrastructure is one of the approaches used for further modeling of the network of charging stations. 

6- Conclusion 

Renewable energy sources can be widely used in charging systems for electric vehicles. The analysis of previously 

performed works led us to the conclusion that the widespread use of renewable energy sources for electric vehicles is 

actively discussed and applied. Their effective use can be based on their correct selection, taking into account the 

characteristics of the city, winter conditions, the number of charging stations, and their location. 

The study made it possible to discover the dependences of changes in charging sessions during the year and the 

day. A decrease in the number of charging sessions is observed in the winter period, which may be due to an increase 

in the duration of charging an electric vehicle and a decrease in interest in public charging stations among electric car 

drivers. The efficient use of RES is possible when a larger number of charging sessions are shifted to daylight hours, 

which can be organized by applying a tariff approach. This will make it possible to develop approaches for evenly 

distributing the demand for power in the northern regions and will ensure the constant load and stability of the power 

system from renewable energy sources. The same results will be used for the correct selection of RES.  
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