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ABSTRACT

Over the past 10 years, the fleet of electric vehicles has grown dramatically, due to the introduction of
incentive programs for their operation, as well as the development of accessible charging infrastructure.
However, the design and organization of this network come with a number of obstacles in countries
where the number of electric vehicles is limited. A small number of operated electric vehicles leads to
a decrease in the utilization rate of the charging infrastructure. A main obstacle to increasing the fleet
of electric vehicles is an insufficiently developed charging network. In this instance, such a location
of charging stations in the city that will help to reduce idle runs of electric vehicles and increase the
utilization rates of charging stations is one of the priority practical tasks in the field of infrastructure
organization. In the world, there are approaches to the location of charging stations in cities. They are
based on the methods proposed for choosing the location of socially significant objects in the city, and
therefore take into account the centres of attraction of the population, the features of the organization
of parking space and car services. However, until now, no methodology has been developed aimed at
calculating the number of charging stations in the city, taking into account the characteristics of the
functioning of the existing infrastructure and their location. The developed approach to the location of
charging stations will take into account the peculiarities of the city’s power distribution network, the
complexity of the access roads to the charging station and the likelihood of a free parking space. This
paper partially describes the results of a larger study and aims at developing an approach to the location
of charging stations in the city and optimizing the existing network. The approach was developed in
two stages. Initially, the authors identified the applicability of an existing model, and then at the second
stage, they adapted it taking into account the proposed indicators for assessing the location of the charg-
ing station in the city of Tyumen. In the future, the developed approach will be applied in several cities
of the Russian Federation.

Keywords: capital costs, charging infrastructure, charging station, electric vehicle, model of the optimal
location, operating costs.

1 INTRODUCTION
A growing fleet of electric vehicles is an integral part of the development of the automotive
industry. As of 1 January 2020, this value exceeded 7 million units. In the future, it may
reach 160 million electric vehicles globally [1-2]. The reasons for this lie in the active imple-
mentation of programs to improve the environmental compatibility of vehicles, as well as to
stimulate the acquisition and operation of electric vehicles, which may include programs for
the development of the charging infrastructure. At the end of 2018, the number of charging
stations in the world exceeded 5 million [3-5]. Most of them are concentrated in several lead-
ing countries [6-9]. In most countries, charging infrastructure is developed unevenly. So, in
the Russian Federation, the most developed infrastructure is located in the largest cities, and
in more remote ones it may be non-existent. Here, the following contradiction is observed:
with a small number of operated electric vehicles, charging stations have a low utilization
rate, and, therefore, have a low revenue, which slows down the development of the network.
However, the lack of a developed network of charging stations is an obstacle to the increase
in the number of electric vehicles. According to the opinion presented in [10], in this context,
a priority task of organizing the studied infrastructure is the location of a limited number

© 2021 WIT Press, www.witpress.com
ISSN: 2058-8305 (paper format), ISSN: 2058-8313 (online), http://www.witpress.com/journals
DOI: 10.2495/TDI-V5-N1-81-94



82 Anastasiya Gorbunova & Ilya Anisimov, Int. J. Transp. Dev. Integr., Vol. 5, No. 1 (2021)

of charging stations in the city. This will reduce idle runs for electric vehicle owners and
increase demand for charging stations.

The existing algorithms for the location of charging stations in cities are based on the
application and combination of approaches proposed by Daskin M.S. to locate the socially
significant objects in the city, which should contribute to the reduction of overruns in order
to achieve them and have a maximum transport demand [11,12]. In this case, the maximum
demand is achieved as a result of their location in the nodes of the road network that have
the maximum demand, taking into account the nearby nodes (at a distance not exceeding
the maximum coverage distance). However, to determine the optimal location of charging
stations in cities, this approach is supplemented and adapted to the peculiarities of vehicle
operation, one of which is the availability of parking space for parking during charging. This
feature was taken into account in [13] when locating a model for the location of slow charg-
ing stations. The authors suggested dividing the city into several census blocks and locating
charging stations in each of the allocated areas, taking into account the allocation of nodes
of maximum demand. However, this approach contributes to an increase in the number of
charging stations and an increase in capital costs for the creation of the infrastructure under
consideration. This is due to the lack of the ability to account for work-related movements of
the population during the day, which in some cases leads to duplication of charging stations
in residential and business areas of the city. This feature of the developed model was taken
into account in [10]. The authors created a model that was based on data on the parking of
electric vehicles at night and during the day. The charging station was installed either in a
business or residential area. This helped to reduce the capital costs of building the charging
infrastructure. The selection of one of the proposed locations of the charging station, namely,
only near office centres, was presented in [14]. At the same time, the authors proposed an
additional calculation of the number of chargers based on data on the number of parking
spaces and employees with electric vehicles, as well as their walking accessibility and the
cost of installing the charging station and its maintenance.

The maximum satisfaction of the demand of owners of electric vehicles for battery charg-
ing can also be achieved using the p-median model. It assumes that charging stations are
located based on the cost of reaching a nearby charging station (which is directly propor-
tional to distance). This approach was originally used to locate charging stations for com-
mercial vehicles [15]. This was due to the fact that this model allows one to reduce the cost
of moving vehicles between charging stations and destinations for electric vehicles — taxis.
Currently, this approach is applied in the field of public charging infrastructure [16]. It takes
into account not only the nodes of maximum demand and the distance between them but also
includes finding a location that will correspond to the centres of attraction of the population
and the minimum cost to reach the nearest charging station. However, the application of the
presented approaches (maximum coverage and p-median) requires a mandatory calculation
of the number of charging stations that will correspond to the minimum operating and capital
costs of the infrastructure under consideration [11].

Determination of the optimal location and calculation of the number of charging stations
was carried out [17]. To solve the problem, the authors proposed to use agent-based model-
ling, which made it possible to take into account the number and location of places of con-
centration of electric vehicle owners based on data on the features of their movement and
behaviour scenarios. However, a large amount of initial data and the complexity of predicting
the behaviour of electric vehicle owners lead to difficulties in applying this approach.
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According to [18], minimization of capital and operating costs when organizing the charg-
ing network can be achieved not only by calculating the number of stations but also by deter-
mining their optimal location consistent with the features of the distribution city network
[18]. As a result, the authors proposed a model in which the initial data are the features of the
road network, the traffic flow in its nodes, as well as the location of transformer substations as
initial data. A similar approach was presented in [19-24]. In this case, the authors suggested
that installing fast-charging stations at existing gas stations could minimize the capital cost of
their installation. However, the selected locations of the charging stations in this case may not
always correspond to the maximum traffic flow and contribute to an increase in the utilization
of the charging station.

The existing approaches to the optimal location of charging stations partially take into
account the features of the location of the centres of attraction of the population in the city,
the peculiarities of the road network and the electrical distribution network, and transport
demand at the nodes. But they are not an integrated method that will simultaneously take into
account these parameters and will help to increase the level of satisfaction of the demand of
electric vehicle owners with a limited number of charging stations. The existing methods do
not consider the complexity of the access road to the charging station, which can be seen in
the cities of the Russian Federation. This is also one of the parameters contributing to the
reduced utilization rate of the charging station, as evidenced by the results obtained during
the analysis of data on the functioning of the existing charging infrastructure.

The features of the functioning of the charging infrastructure when developing a method-
ology for its further formation, as a rule, is studied in the field of organizing public electric
transport. So, in [25], it is noted that the analysis of the existing charging network allows
one to reduce operating costs and increase efficiency in the course of its planning and further
development. When analysing the existing charging infrastructure, the authors determine the
number and type of charging stations, as well as the specifics of their location in the existing
bus network [26,27]. The initial data for the calculation are the speed and slope of the road,
the length of the route, the number of passengers, the operation of auxiliary equipment, and
more.

This article proposes an algorithm for optimizing the location of existing charging stations
without changing their types. The influence of operating features on the parameters and the
number of charging stations in the city will be considered in the following works.

The development of this algorithm is due to the lack of an integrated method that takes into
account the peculiarities of the location of the centres of attraction of the population in the
city, the peculiarities of the road network, the electrical distribution network and transport
demand at the nodes. Additionally, it will include in the calculation data on the complexity of
the access road to the charging station and help to reduce the costs of operating the network
with minimal operating costs for the owners of electric vehicles.

2 METHODOLOGY
The algorithm to optimize the location of charging network objects in cities is being devel-
oped as one of the stages of a comprehensive methodology that provides for a preliminary
calculation of the number of charging stations. This algorithm includes the model and its
adaptation, which are applied to optimize the location of existing charging stations, so their
type and number were predefined.
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The main provisions of the developed model were formulated in accordance with the goals
set and the results of the analysis of previously performed work in the field of organizing the
charging infrastructure for electric vehicles in cities. They included the following:

e minimization of capital costs for the creation of charging infrastructure;
e minimization of operating costs of a functioning charging infrastructure;
e minimization of operating costs for electric vehicle owners.

The formulated provisions were transformed in the course of the study on the basis of the
results obtained in previously performed works. So, it was found that the minimum value of
the installation costs of the object in question is achieved when it is located near large urban
facilities with their own transformer substation. In some cases, such location corresponding
to the centres of attraction of the population contributes to an increase in the utilization rate
of the charging station, and, consequently, to a decrease in operating costs when operating the
charging infrastructure. It also contributes to lower costs for electric vehicle owners by reduc-
ing their idle runs to charge the vehicle. However, with a limited number of these centres
of attraction, it is necessary to rank them according to the level of transport demand, which
necessitates the use of the maximum coverage model, or the p-median model.

The peculiarities of the organization of road transport infrastructure in the Russian Federa-
tion cannot ensure the maximum demand, and, consequently, the maximum utilization rate of
the charging station in some cases. This is due to a complex access road or insufficient park-
ing spaces to provide free space for unhindered charging of the electric vehicle. Therefore,
these provisions were additional conditions for the development of the algorithm.

The method of its development (Fig. 1) can be presented using two main stages whose
goals are the minimization of capital and operating costs for its operation and operation of
electric vehicles. These stages are connected by minor intermediate stages that provide for
the assessment and comparison of the results of the constructed models, as well as the analy-
sis of the road network diagram and the assessment of the presence of complex access roads
to the proposed locations of the stations.

Analysis of previous studies has shown that the maximum demand coverage model and
the p-median model can be adapted to minimize operating costs for owners of charging

Minimization of operating costs for
electric vehicle owners and owners
of the charging infrastructure

Assessment of applicability of
the p-median model

Comparison of the resulting models ‘

Assessment of applicability of
the maximum demand
coverage model

Assessment of the access road
complexity to the charging station
according to the road network pattern

Minimization of total costs for the
charging infrastructure owners.
Assessment of the availability
of free parking spaces

Figure 1: Diagram of model development for determining the optimal location of charging
stations for electric vehicles in the city.
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infrastructure and electric vehicles. Therefore, the first stage of the study consisted in assess-
ing the applicability of these models in the Russian Federation using the example of Tyumen
and identifying the most appropriate one based on a comparison of the results obtained [28].

The maximum demand coverage model is aimed at minimizing the downtime of charging
stations and increasing their utilization rate, that is, the number of vehicles served or transport
demand £,. This is reflected using objective function (1):

Zhi -Z;, — max. (1)

iel

where hi — number of vehicles crossing the node iel, Z - decision variable (which can be 1
or 0; Z = 1 when the charging station is located at a distance not exceeding the coverage dis-
tance D ; Z = 0 when the charging station is located at distance greater than D ).

This model simultaneously helps to reduce the operating costs of electric vehicle owners by
limiting the distance D, within which the charging station can service vehicles. For this, the
decision variable Z is introduced into the model, which can be equal to 1 only if the distance
to the nearest station does not exceed the established limit D_. In other cases, this variable is
equal to zero, which prevents the achievement of the maximum value of the covered demand.

The p-median model, in contrast to the maximum coverage model, considers the minimiza-
tion of the costs for electric vehicle owners (2) and not the maximization of transport demand
at the node as its objective function. This model makes it possible to simplify that the costs for
electric vehicle owners are directly proportional to the distance to the nearest charging station.

Zh “dy;-Y; —min, if ¥, =1, )

i€l

where d — distance from the considered intersection i € / to the nearest charging station j € J,
Y, — decision variable (which can be 1 or 0; ¥, = 1 when the charging station j € J is used by
vehicles crossing the node i € I; Y, = 0 if not covered).

This model also uses a decision variable that numerically identifies the nodes of the road
network for the expected location of the charging station. As a result, the p-median model
is based on the statement that the maximum number of vehicles must cover the minimum
distance to the charging station.

The applicability of the maximum coverage model and the p-median model is determined
on the basis of a comparison of data on the total satisfied transport demand since the goal
of the first stage of model development is not only to reduce the operating costs for electric
vehicle owners but also to increase the utilization rate of charging stations which helps to
reduce maintenance costs of the station and increase its profitability. Then, the selected model
is adapted for the availability of complex access roads using the road network diagram and
the features of traffic organization.

At the second stage of model development, the results obtained are used and adjusted
taking into account the availability of nearby parking spaces and transformer substations.
This will help to reduce the costs for the owners of the charging infrastructure for its crea-
tion and maintenance, as well as increase the attractiveness of charging stations for electric
vehicle owners. At this stage, just as at the first one, the authors suggest using decision vari-
ables to assess the availability of a transformer substation and reduce the costs of creating and
maintaining infrastructure C, as well as the probability of having free parking spaces P,. The
last variable depends on the number of parking spaces, for example, P, = 0 if the number of
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parking spaces does not exceed 50, P=1 if the number of parking spaces is from 50 to 100
and P=2 if the number of parking spaces is more than 100. The availability of a transformer
substation is easily assessed: C,- = 0 if there is no transformer station, and C,- =1 if there is a
transformer station in the parking lot.

The proposed decision variables are evaluated jointly, and their value should tend to the
maximum. Mathematically, the solution to the second stage of model development is repre-
sented by formula (3):

(Cj+Pj)—>max- )

h; — max

As a result, the obtained values will make it possible to identify the expected location of
the objects under consideration in the city that will correspond to the maximum transport
demand, take into account the peculiarities of the traffic organization and the complexity of
the access road, as well as minimize the costs of creating and maintaining stations and idle
runs of electric vehicles to be charged.

The next stage of the research will consider the improvement of the presented algorithm
for developing the deployment plan of charging infrastructure in Tyumen and other cities
of the Russian Federation. This algorithm will take into account the climatic features of the
city location, the operated fleet of electric vehicles, as well as the population’ mobility and
demography. As a result, it will be part of a comprehensive methodology for justifying the
parameters of the charging infrastructure in the cities of the Russian Federation.

In the future, the simplicity of the further application of this technique will be provided by
the software that will be developed after assessing the applicability of the model in several
cities of the Russian Federation.

3 ANALYSIS OF THE DATA
At the first stage of the study, the existing charging infrastructure in Tyumen was studied. The
authors identified its shortcomings and determined several charging stations with a low utili-
zation rate during the day. Then, the location of charging stations in Tyumen was optimized
in accordance with the above method.

3.1 Analysis of the existing charging infrastructure in Tyumen

In the Russian Federation, the charging infrastructure is just emerging. The most developed
networks of charging stations are located in major cities, such as Moscow and St. Petersburg.
Regional infrastructure lags far behind them. At the end of 2018, the city of Tyumen had one
of the most developed regional charging infrastructures. The network consisted of six public
charging stations. Their location is shown in Fig. 2.

The active development of the network of charging stations in the city contributed to an
increase in the number of operated electric vehicles. At the same time, the difference in the
shares of performed charging sessions from their total number among some charging stations
increased and amounted to 17-40%, which is shown in Fig. 3.

To analyse the reasons for the low utilization rate of charging stations, the features of the
organization of road traffic in the area of their locations were analysed, and transport demand
was calculated, which is presented in Table 1.

The results of the first stage of the study indicate that the presence of complex access
roads and low transport demand reduce the utilization rate of charging stations. Therefore, it
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Figure 2: Layout of the charging network in Tyumen.
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Figure 3: Distribution of charging sessions by objects of the charging network in Tyumen.

Table 1: Analysis of the covered transport demand and the complexity of the access road to
the existing charging stations.

Charging station number Transport demand, vehicles (h) Complex access road
1 3,108 Yes
2 2,472 Yes
3 5,042 No
4 2,992 No
5 3,693 No
6 1,577 No

was proposed to optimize the existing location of the objects under consideration using the
developed method.

3.2 Optimizing the location of charging stations in Tyumen

One of the mandatory parameters involved in the objective functions of the maximum cover-
age model and the p-median model is the distance between the nodes of the road network
shown in Fig. 4. Also, the initial data of the models included transport demand determined at
each of the nodes indicated in Fig. 4.
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Figure 4: Layout of the road network in Tyumen.

During the construction of the maximum coverage model, the measured distances between
the nodes of the road network were considered indirectly. The obtained values were com-
pared with the maximum coverage distance, which, according to the regulatory legal acts of
the Russian Federation, should not exceed 800 m. The results of the comparison determined
the value of the decision variable and, accordingly, the total transport demand in the expected
charging station installation nodes (Fig. 5).

The existing charging infrastructure includes six stations. However, the number of expected
stations was increased to 10, taking into account further adjustments to their location (Fig. 6).
In the course of data analysis, these nodes showed a significant difference in the value of the
maximum covered transport demand from other nodes.

A high proportion of population movements through the central district of Tyumen stems
from the peculiarities of its road network. This leads to an increase in transport demand at
its nodes and, therefore, is accompanied by a high density of charging stations. This situa-
tion will be resolved during the next stage of the model development when determining the
complexity of access roads, the number of parking spaces, and the presence of transformer
substations.

A high density of charging stations in the central part of the city is also observed when
constructing the p-median model. However, in the example given, some objects are located
in more distant areas from the city centre, which makes it possible to increase the amount
of covered transport demand. In the course of building the p-median model, a matrix was
created for the product of the distances between nodes and their transport demand (Fig. 7),
which is due to the peculiarities of calculating the objective function.

The objective function of the p-median model should tend to a minimum. Therefore, when
calculating it, the following algorithm was observed:

e search for a node with a minimum value of the sum of the products of distances and trans-
port demand;

e zeroing all values of the calculated products in the selected node;

e repetition of the above operations.

This algorithm was repeated until 10 expected nodes (Fig. 8).
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Figure 5: Fragment of demand covered model results.
Figure 6: Result of applying the maximum coverage model.
Distance between_the‘nonvie of road network and Transport demand, vehicle/hour Results, (vehiclesx 10° xm.yhour
charging station location, m
Charging| Covered node Charging Covered node Charging Covered node Sum
station station sation | , | p | ¢ o* | p*
focation| A | B | C |0 | P* location| A | B | € o[ B location
A 0 | 152025101 ... |11355] 7230 A 609 [1059 | 2604 | ... | 3107 4617 A 0 11610 6536 |...|35280| 3381 | 1.6x10°
B 2150] 0 | 990 | ... [11233]5710 X B 609 1059 2604 | ... |3107[4617| | B [I1309] 0 | 2578 |...|34901|26363| 1.4x10°
e 4100 | 990 0 |[...]10243]4720 (6 609 [1059( 2604 | ... 310746177 | C [2497[1048 | 0 [...[31825|21792] 1.3x10°
O* |11355[11233[10243| ... | 0 |5735 O* 1609[1059] 2604 | ... [3107] 4617 0% [6915]11896[266273...| 0 |26478]10.3x109
P* [7230|5710 (4720 ... |5735] 0 P* 6091059 | 2604 | ... | 3107 4617 P+ [4403[6047[12291]...[17819] 0 [13.8x10¢

Figure 7: Fragment of p-median model results.

As previously indicated, the presence of points in the road network nodes more distant
from the centre contributes to an increase in the value of the covered demand. As a result, the
maximum demand coverage model allows only 41,813 vehicles/h to be provided with avail-
able charging stations, while the p-median model — 44,538 vehicles/h. This is the maximum
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Figure 8: Results of applying the p-median model.
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Figure 9: Results of the charging station location.

Figure 10: Layout of charging stations in Tyumen.

number of vehicles that cross the network nodes with charging stations. This value influence
the probability of electric vehicles staying at the nodes of the road network depends on the
traffic flow [11]. A comparative assessment of these values showed that in the future, the
p-median model will be applied to develop the model.

According to the diagram for creating a model, at the next stage, the results obtained were
evaluated for the availability of complex access roads in accordance with the peculiarities of
the traffic organization. The expected charging station locations were also verified against
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decision variables describing the availability of sufficient parking spaces P, and a transformer
substation Cj(Fig. 9).

In accordance with the objective function describing the second stage of the study, the
authors identified only five places in the city to relocate the objects of the charging network
that meet all the requirements (Fig. 10). The location for the 6th object was chosen on the basis
of the data from the first stage of the study, namely the maximum covered transport demand
(Fig. 10). This solution should help maximize the utilization rate of the objects and minimize
the idle runs of electric vehicle owners. But it requires the availability of parking space.

4 DISCUSSION
Various studies presented the application of an informed approach to the organization of
charging infrastructure. In the field of organizing the charging infrastructure for electric
public passenger transport, it was proposed to preliminarily analyse the existing infrastruc-
ture. Therefore, in this work, as a preliminary stage of the study, as in [10,11], the data on the
number of charging sessions performed by the existing charging infrastructure were analysed.

In the course of developing the algorithm for the location of the charging network objects,
an integrated approach was elaborated, which until now has not been discovered in the analy-
sis of previous studies. It took into account the data on the centres of attraction of the popu-
lation and nodes of maximum transport demand, as in [13], and also the peculiarities of the
city’s power distribution network [19]. It additionally made it possible to assess the likeli-
hood of free parking spaces for charging an electric vehicle and the complexity of the access
road, which must be considered as factors that determine the value of the utilization rate of a
charging station in cities of the Russian Federation.

An assessment of the centres of attraction of the population and the nodes of maximum
demand in the development of the model made it possible to prove the applicability of the
p-median model, as in [15,16]. During this stage of the study, the possibility of using the
maximum coverage model was also assessed, which was considered [16]. However, the
greater value of the maximum transport demand and the less crowded arrangement of charg-
ing stations when using the p-median model proved its applicability in the cities of the Rus-
sian Federation.

The features of the city’s power distribution network, which were considered in the work
and were aimed at minimizing the total cost of the operation of the charging network, con-
sisted of evaluating the availability of a transformer substation near the expected placement
of the charging station, which was also previously presented [18,19]. However, the authors
proposed a numerical estimate of this parameter, as well as the likelihood of a free parking
space. The authors evaluate the complexity of the access road by only taking into account the
peculiarities of the traffic organization and the road network layout, which at the next stages
of the study will also be proposed to be considered using numerical values.

Thus, analysing previous studies and assessing their advantages and disadvantages allowed
developing an integrated approach to the optimal location of charging stations in the city,
which considers the likelihood of a free parking space at the expected location of the charg-
ing station, and the complexity of the access roads to it as additional parameters, which until
now has not been done.

5 CONCLUSIONS
This paper is the result of one of the stages of a larger study aimed at developing a methodol-
ogy for substantiating the parameters of urban charging infrastructure for electric vehicles
in the city. It presents the stages of developing an algorithm for optimizing the location of
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the charging network objects and the results of its application in Tyumen. In the course of
this study, the authors analysed the previous experience and identified some of the main
approaches used in the area under consideration—-models of maximum coverage or p-median.
As a result, these models were built during the first stage of the study. The highest transport
demand at the nodes where the objects of the charging network were located was observed
in the p-median model. Therefore, this model was adapted to the additional conditions pro-
posed by the authors to reduce the total costs of the charging network and operating costs for
owners of electric vehicles.

The assessment of the existing charging network showed the heterogeneity of the distribu-
tion of charging sessions among the objects of the charging network, which was associated
with the discrepancy of some values to the variable solutions proposed by the authors. As
a result, taking into account the developed algorithm, this network location was optimized.
This will help to increase the utilization of charging stations and reduce idle runs for electric
vehicle owners.

This algorithm is part of a comprehensive methodology for justifying the parameters of
urban charging infrastructure for electric vehicles, which also includes the deployment plan.
It will be based on the developed algorithm, taking into account the climatic features of the
city location, the parameters of the operated vehicle fleet, as well as approaches to population
mobility and demography. The application of the developed algorithm to create the deploy-
ment plan of the charging infrastructure will be assessed not only in Tyumen, but also in other
cities of the Russian Federation.
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