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Abstract: The growing awareness of environmental issues, climate policies, and rapidly developing
technologies is contributing to the increasing number of battery electric vehicles (BEVs) around the
world. A key requirement for their widespread implementation is providing a charging infrastructure
that allows users to operate these vehicles comfortably. Lack of access to charging stations can be
a major barrier to the development of electromobility in a given area. Therefore, each additional
charging infrastructure can support a change in the structure of the vehicle fleet. One of the key
challenges facing this transformation is the selection of suitable locations for charging stations. It is
necessary to ensure that they are uniformly distributed so that range anxiety for EV users is reduced
and equal access to charging infrastructure is provided to all residents. One of the most important
stakeholders in this market is local authorities. Therefore, the objective of this research was to develop
a method of determining optimal locations for electric vehicle charging stations (EVCSs) from the
perspective of local authorities that also takes into account equal access to the charging infrastructure
for all residents, which seems to be a unique approach to this problem. We used commonly available
spatial data as input to enable the method to be applied on a larger scale and over an urban area. We
carried out our research using a case study: the city of Gliwice in Poland. The city area was divided
into hexagonal basic fields, for which potentials for locations of new charging stations were calculated.
The analysis was carried out using the geographic information system (GIS) QGIS (ver. 3.34).

Keywords: battery electric vehicles (BEVs); spatial analysis; GIS software; division of the area;
hexagonal grid; charging infrastructure; land use

1. Introduction

With the rapid development of automotive technology and growing interest in
ecofriendly transportation solutions, electric vehicles (EVs) are becoming increasingly pop-
ular worldwide [1]. Reducing greenhouse gas emissions and air pollution, and gradually
becoming independent of fossil fuels, are key benefits associated with their deployment [2].
However, one of the main challenges associated with the widespread adoption of electric
vehicles is the availability of electric vehicle charging stations (EVCSs) [3-5]. In particular,
the proper location of the EV charging infrastructure in urban areas is crucial in ensuring
convenience for EV users; therefore, it is crucial in encouraging residents to own such
vehicles [6].

Studies in Germany, Brazil, and the United States [7-10] have shown that the prob-
lem of unequal access to EVCSs in urban areas is widespread. A correlation has been
indicated between some characteristics describing the socioeconomic situation and the
availability of EVCSs. For example, the number of existing stations depends on the type
of area (urban/rural) [7], the material status and age of inhabitants, and the ownership
of dwellings [9,10]. The authors also point out large regional differences, which are often
connected to the historical circumstances and developmental lags of the areas concerned.
Therefore, locations for EVCSs may not match the demand [11].
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The most appropriate actors to address this problem and equalize the availability of
EVCSs for all residents are local authorities. Their role may be to fill the gap, indicate the
places where public EVCSs should be located, and decide where commercial EVCSs should
not be built, for different reasons.

Our review of the literature showed that different criteria and various methods have
already been developed to address the problem of the location of EVCSs. However, there is
still a research gap in analyzing the problem of determining the locations for EVCSs both
from the point of view of local authorities and equal access to charging infrastructure for
area residents. Our research is an attempt to solve this problem. The method we propose
takes into account the perspective of local authorities and the determinants related to
sustainable development that are important to them. Therefore, this is a new approach to
determining optimal locations for EVCSs.

The requirement we set for the data needed in our method was that they should
be accessible via public and open-access databases. We wanted to use only data that are
publicly available so as to not incur any additional costs for local authorities when using our
method. Therefore, the tools we use in our approach are based on geographic information
system (GIS) and the use of a database that is publicly available in Poland, the Polish
National Databases of Spatial Data (the BDOT10k database).

The main aim of this article was to present a GIS-based method that can be a useful
tool for local authorities in supporting decisions regarding the locations of EVCSs in urban
areas. This article also presents a broad analysis of key factors that have been considered
in previously used approaches, which allowed us to highlight the research gap and select
factors that are important in supporting different decision-making processes.

The method proposed in the present article places particular emphasis on providing
residents with equal access to the EV charging infrastructure. Therefore, it can respond to
the challenges of contemporary transport and act as a valuable tool for local authorities in
their efforts to increase access to EVCSs. Consequently, it can support the electrification
of individual road transport vehicles and the achievement of environmentally friendly
policy objectives.

The main hypothesis in this paper is that the potential of a given location for a new and
publicly accessible EVCS can be evaluated based on the features of the built environment.
We also raised the following research questions:

1. Which factors associated with the features of the built environment will effectively
represent the actual potential?
2. How should the stations be spatially distributed to ensure equitable access to them?

This article also presents a case study conducted for the city of Gliwice in Poland.
According to 2023 data, there are about 20 EVCSs in the city. As a result of using the
proposed method, five additional places were recommended for further EVCSs.

The present article is divided into five parts. The purpose of the developed method
and the structure of this article are presented in the Introduction (Section 1) against the
general background of the issues analyzed. Section 2 presents a review of the literature
on selected areas related to locations for EVCSs, including social, spatial, economic, legal,
technical, and environmental aspects. Section 3 presents the general assumptions and a
description of the method for determining the locations for EVCSs in urban areas. Section 4
contains the results of the research carried out using the proposed method for the medium-
sized city of Gliwice in Poland. The final sections (Sections 5 and 6) include a discussion
of the results, directions for further research, and conclusions. Appendix A contains the
notation, a formal description of the method, and its algorithm.

2. Literature Review

One of the main challenges of electromobility development in urban areas is the
identification of criteria that are required to assess the potential of a given location for
an EVCS and to select the best places for building EV charging infrastructure. Figure 1
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presents a set of criteria related to the issue of determining the locations of EVCSs, which is
the basis of the literature review.

Location of electric vehicle charging stations
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Figure 1. Structure of the literature review in this article (source: own elaboration).

During the literature review, considerable complexity in the issue and a variety of
approaches to the problem of determining the locations for EVCSs were observed. The
individual aspects presented in Figure 1 are discussed in detail in the following subsections.

2.1. Spatial Data

One of the most commonly used data sources in determining the optimal locations for
EVCSs is spatial data. The main advantages of this type of data are their wide availability,
reliability, diversity, and ease of use. In the case of the data used in the analysis [12]
developed for the example of the city of £L6dZ, the optimization criteria were as follows:

Distance from petrol stations;

Distance from shopping centers and supermarkets;

Population density;
Distance from parking lots;
Location in relation to parks;
Location in relation to existing EVCSs;
Distance from the main roads that traverse the city (at least the regional roads).

Point of Interest (POI) data are very often used to assess locations for EVCSs. They
are often classified into specific categories, as in article [13], where nine groups are listed
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based on business categories according to NAICS (North American Industry Classification
System). On the other hand, in article [14], a geographic information system (GIS) was
used to obtain information on population, jobs, number of cars in high-income areas, and
households without cars, as well as the number of students, walking trips, and the total
number of trips. The authors of the publication used aggregated data to solve the Set
Covering Location Problem (SCLP) and Maximum Location Problem (MCLP). The former
is a classic optimization problem consisting of selecting the location for a specified number
of charging facilities in such a way as to minimize investment costs and maximize the
efficiency of covering a given area. The MCLP problem, in turn, concerns the maximization
of benefits from resources that are limited. On the contrary, a case study of Dublin used
multi-criteria analysis with GIS [15] and data including population density, the layout of
major roads, the number of trips to places of work and study, and the location of parking
lots, lamps, housing, and public facilities. The data used came from the National Statistics
Office and OSM.

GIS tools were also used to optimize the locations for photovoltaic EVCSs in a study
developed for the city of Qingdao in China [16] and in analyses conducted in Salt Lake
City [17]. The authors of the publication [18] analyzed the current network of EVCSs in
the area of Hahhot, China, based on spatial data on urban land use, charging practices,
and travel patterns of electric vehicle users. The second part of their study included a plan
for the future development of the vehicle charging system in the area. According to the
authors, the most important variables for planning the deployment of EVCSs are the level
of charging demand, the coverage of each point in terms of the territory served, and the
construction cost [19].

2.2. Social Determinants

Demographic and social factors largely determine the optimal locations for EVCSs.
This is evidenced by a study conducted in Hong Kong [20] that assessed the demand for
vehicle charging based on surveys, taking the propensity to purchase an electric vehicle as a
reference point. The influence of socio-demographic factors such as age, gender, education
level, marital status, employment status, household size, income, and place of residence
was examined. The results showed that groups of older respondents (>45 years) were less
likely to purchase an electric vehicle compared with the younger age group (18-34 years).
Respondents who were self-employed, married, and living in owner-occupied houses and
apartments were also more likely to purchase an electric vehicle. Consequently, the owners
of electric cars will also become a group of EVCS users. This is also reflected in a study
from South Korea [21], which analyzed the factors within a radius of about 914 m from
existing stations, including the number of registered EVs and the value of the land, which
can approximate the income level.

In turn, the authors of [22] proposed selecting locations for EVCSs based on the
application of the graph convolutional network (GCN) method, which is the basis of deep
learning technology. This technology was used to analyze the distribution of EVCSs based
on the distribution of social classes in China. The study showed that the business area
should have the infrastructure with the fastest charging capability to meet the requirements
of the most demanding customers. The combination of fast and slow chargers is beneficial
in residential areas.

2.3. Mobility Patterns

The analysis of traffic patterns and driver behavior is another important aspect. Models
that take these factors into account often use data collected from GPS systems, traffic
surveys, and big data analysis to identify the locations with the greatest potential. A study
conducted in Canada [23] using data from the operation of over 7000 EVCSs also showed
that user behavior patterns were very important factors influencing EVCS usage, including
usage at particular times of the day. This also affects the operation and stability of the
electric power system. The research confirmed that charging patterns and times reinforce
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the “duck curve” problem of energy production, which presents a growing challenge to
ensure the stability of the network.

Logistic patterns were also analyzed in a simulation model developed for Gothen-
burg [24]. The study presented a methodology for the deployment of fast EVCSs for the
city’s logistics operators. The main objective of the study was to minimize total costs by
optimizing the locations and number of chargers at each station. The authors showed that
the most beneficial locations for the deployment of EVCSs were private EVCSs in vehicle
parking areas (because of long overnight stops) and shared or public EVCSs in important
and frequently visited locations along delivery routes.

The study [25] focused on optimizing the locations for EVCSs to facilitate long-distance
travel and meet urban demands. Based on the research, traffic volume, distance from the
nearest EVCS, and the range of services available on the market were indicated as the main
variables influencing the use of EVCSs on expressways in Budapest. Furthermore, studies
in Austria [26] found that 88% of vehicle charging took place when the user was at home.
Almost ten times less charging took place in workplaces, and only 1.7% used public EV
charging stations.

2.4. Electrical Grid Determinants

Another important factor considered in decision-making models is the location of an
EVCS in the electricity network. Since the charging infrastructure has to ensure that the
parameters of the distribution network are adequate, cooperation and coordination with
power suppliers are essential. For this reason, many studies also present an optimization
approach in terms of local energy supply capacity or the costs associated with providing
such capacity. For example, the paper [27] proposed the optimal placement of fast chargers
at different locations in the electricity distribution system using Multiple Objective Particle
Swarm Optimization (MOPSO), so that power losses and voltage deviations are kept to
a minimum. Attempts were also made to combine transportation and network-related
criteria in optimization models. A large-scale study on the example of Thailand [28]
also considered energy efficiency, measured by network power loss. A broad review of
approaches to optimizing the locations for EVCSs is presented in the article [29]. The
authors paid particular attention to the need for a comprehensive approach to this problem
and proposed an authoritative, multi-stage model for optimizing the locations and sizes
of EVCSs.

The optimal deployment of EVCSs requires an analysis of potential charging demand
and vehicle traffic patterns to estimate energy consumption. In addition, the projection
and implementation of the planned locations for EVCSs must be based on an analysis of
the local electricity distribution network to ensure the optimal efficiency of the designed
solution and an acceptable level of power. The article [30] provided an extensive review of
the CSLP (Charging Station Location Problem), focusing on modeling and solving problems
from different perspectives. According to the authors, the following aspects are important
when designing a network of EVCSs:

Estimation of the charging demand;

Range of the electric vehicle;

Efficiency of the currently used vehicle charging system;

Distance of the designed charging point from the power source;

Strategic decisions and their impacts on the development of the charging network.

2.5. Environmental Impact

The need to minimize environmental impact is also reflected in the current research.
Considerations include the use of renewable energy sources to power EVCSs, as well as
reducing air and noise pollution [31]. For example, in the model [32] developed for the city
of Tunis, the main criteria considered were maximizing the use of energy from photovoltaic
panels and minimizing the use of the power network. Another example can be found
in the article [33], which included a study on the implementation of batteries in electric
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buses used for public transport. The researcher developed a model to optimize the cost of
implementing the above solution and its impact on greenhouse gas emissions in the city of
Guelph in southern Canada.

The authors of the publication [34] addressed the integration of EVCSs with randomly
distributed rooftop photovoltaic systems. The aim was to optimize the placement of
EVCSs in a way that consumed the excess energy transferred to the network by local
photovoltaic systems.

2.6. Economic Aspects

Economic factors such as the cost of installing and maintaining a station, as well
as the expected profits, are integral parts of the decision-making process. Cost—benefit
analyses often also consider the time costs of station users, such as the need to travel to an
EVCS. The Multi-Objective Simulated Annealing Particle Swarm Optimization (MOSAPSO)
algorithm [35] was used to solve the problem with a multi-criteria function consisting of
criteria that described the investment cost, the operation and maintenance cost, the payback
period, and the time cost of the user of a fast EVCS. The analysis also considered the
difficulty (time) of reaching the EVCS and the classification of the development function
based on the location of POIs. The extensive multi-criteria analysis proposed in the arti-
cle [31] on the example of the city of Zagazig in Egypt accounted for 19 decision criteria,
including the number of utilities, operation and maintenance costs, consumption level,
construction costs, and land and equipment costs. However, in the article [36], which
considered the multi-criteria Analytic Hierarchy Process (AHP) method in combination
with the objective programming method, the conversion goal programming model (CAGM)
was used to allocate EVs to the most appropriate EVCSs, minimize the level of energy con-
sumption, minimize operation time, and minimize charging costs and battery degradation.
Researchers in Germany [37], using a simulation model, investigated the deployment of
an EVCS under the assumption that 100% of the vehicles used in the Berlin area would be
electric. The main criteria were capital costs and average overage of users.

2.7. Legal Aspects

The authors of an article that proposed the deployment of EVCS along the TEN-T
road network in Poland [38] also paid attention to the need to account for legal aspects
when choosing locations for EVCSs. The first aspect is the regulation on alternative fuel
infrastructure—AFIR [39]—which assumes, among others, the construction of fast electric
vehicle compartments (EVCSs) for passenger cars and trucks, as well as hydrogen refueling
stations on the entire TEN-T network. The method adopted by the authors consisted of
several steps. The first was the potential existing sites along the road network where
EVCSs could be built. Then, the operators of Rest and Service Areas (RSAs) were asked to
indicate the locations they assessed as the most needed. In the next step, data collected in
a study commissioned by the European Automobile Manufacturers Association (ACEA)
and conducted by Fraunhofer ISI [40] were used. Data on the GPS coordinates of around
400,000 trucks in Europe allowed the identification of regular truck stops as optimal loca-
tions for EVCSs. In addition, traffic volumes on routes within the TEN-T network in Poland
were taken into account. Through consultations with electricity network operators, the
necessary investment costs in the distribution networks were estimated to be able to con-
nect the required connection capacity. The time required to realize the above infrastructure
investments was also assessed for individual locations.

2.8. Type of Chargers

A study conducted in Switzerland [41] also indicated the significant role of public
policies in shaping and developing electromobility. The authors divided chargers into
the following types: private (home), public in residential areas, public slow, and public
fast. They analyzed the development of the car fleet structure until 2050 depending on
the development and changes in the availability of the different types of EVCSs. The
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authors indicated the important role of private and public chargers in residential areas in
changing the structure of the car fleet to one that is less carbon-intensive. The authors of
the model developed for Brussels [42] emphasized a similar problem. In the first step, they
estimated the demand for charging electric vehicles based on aggregated mobile data. Then,
they analyzed what the segmentation of demand for charging EVs for different charging
technologies should look like. Based on OSM data, the classification of urban development
types, and POls, they presented a model for optimizing the occupancy rate of stations
according to the type of charger, i.e., normal, semi-fast, or fast-charging, thus maximizing
their economic efficiencies.

2.9. Summary of the Literature Review

The choice of optimal locations for EVCSs is a key issue in the development of EV
infrastructure. Deployment decisions affect the efficiency of the charging system and power
network, the convenience for users, the general acceptance of electric vehicles, and, in
the future, the stability of the energy system. There are several factors considered when
selecting the locations for EVCSs, which are discussed in more detail below. A summary of

the decision criteria found in the literature review is shown in Table 1.

Table 1. Decision criteria used in selected models.

No. Category Criteria Applied Literature
1. The value of property [21,22]
2. Operation and maintenance costs of the station [24,31,33,35]
3. Rate of consumption [31]
4. Economical Construction costs [18,31-33,35,37,38]
5. Land and equipment costs [31]
6. Payback period [35]
7. Cost of charging station user’s time [26,35]
8. Noise generation [31]
9. Envi 1 Air pollution [31,33]
10. nvironmenta Petrol and transport stations [16,31,38]
11. Maximize the use of energy from photovoltaic panels [32,34]
12. Number of public facilities [15,31]
13. Spatial Number and type of POIs [11,13,16,17,19,22,25,28,32,35,42,43]
14. P Residential apartments and houses [15]
15. Type of urban development areas [17,19,21,42]
16. Adverse impact of electromagnetic fields [31]
17. Population/population density [11,14,15,21,25,31,43]
18. Number of jobs [14]
19. Social Factors influencing the purchase of an electric car [20,43]
20. ocia Number of cars owned in high-income areas [14]
21. Number of households not owning a car [14]
22. Number of students [14]
23. The use of electric cars [21,23,28,43]
24. EVCS (number/capacity) [15-18,20,24,31]
25. i g
Technical Capacity and use of the energy network [17,23,27,28,31,32,34]
26. Lamp posts [15]
27. Installation permits and spatial coordination [31,38]
28. Legal framework for the implementation of tenders [31]
29. Political Incentive strategies and subsidies for EVCS [31]
30. Political strategies and legal requirements [38]
31. Number of roads (road intersections), density of road network [15,16,19,21,22,28,31,43]
32. Traffic density on the road [21,22,31,32,42]
33. . Walkability level [14]
34. Traffic Number of trips [14,15,18]
35. Parking areas [11,15,20,31,38]
36. Difficulties (time) in reaching the EVCS [25,28,35]

Source: own elaboration.

Taking into account the above literature review, a great variety of approaches can
be observed, indicating the considerable complexity of the problem of locating charging
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stations for electric vehicles in urban areas. However, among the analyzed publications, we
did not find methods that approach the problem from the perspective of local authorities or
consider the uniform distribution of charging stations, concerning the criteria related to the
locations of residential buildings, access to public transport, and public facilities. Therefore,
the contribution of our research is as follows:

e Our method takes into account the perspective of local authorities, striving to ensure
the availability of electric vehicle charging infrastructure for residents and guests using
public facilities;

e  Our method considers the locations of public transport infrastructure, which may
encourage owners of electric vehicles to use the services of this system in their urban
travel, thus contributing to the sustainable development of transport in cities;

e  Our method is based on GIS tools and a publicly available spatial database, which
significantly reduces the costs of its use;

e  Our method can be used by local authorities as a decision support tool in selecting
the best locations for electric vehicle charging stations, taking into account existing
facilities of this type.

3. Materials and Methods
3.1. General Method Assumptions

The study area was divided into identical basic fields. There are many ways to divide
an area into regular basic fields [43]. In this approach, the hexagon shape was chosen. For
each hexagon, the neighborhoods of the 1st and 2nd levels were determined according to
the principle presented in Figure 2. This shape of the basic fields was selected because of
the several positive features of hexagons. Hexagonal fields are more similar to circles than
square and triangular fields. Therefore, each point inside a hexagon is located closer to the
center than in the case of the basic field of another shape. Moreover, the use of a hexagonal
grid allows for determining a set of neighborhood fields in a quite precise way, and the
center of each neighboring hexagon is within the same distance.

. hexagon under study

D hexagon of 1st level neighborhood
for the hexagon under study

D hexagon of 2nd level neighborhood
for the hexagon under study

Figure 2. The hexagon under study and hexagons of its 1st and 2nd neighborhood levels.

The purpose of the method is to support decisions on the selection of new locations
for EVCSs, taking into account the characteristics of the spatial development of the area
under study. Publicly available data collected from the BDOT10k database were used. This
object-oriented database contains the spatial location of topographic objects along with
their characteristics. The content and details of the BDOT10k database correspond to a
topographic map at a scale of 1:10,000. The method used GIS tools, which are increas-
ingly used in transport decision-making problems, for example, for forecasting transport
demand [44], assessing the accessibility of public transport [45-47], assessing the spatial
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integration of bike-sharing stations [48], and even for conducting analyses of innovative
solutions introduced in the future [49] and risk analyses [50].
Table 2 provides information on the layers used for the analysis.

Table 2. Information on the layers used for the analysis.

Layer Type Source
Map background Raster openstreetmap.org
Existing charging stations in Gliwice Vector https:/ /www.plugshare.com/pl (accessed on 18 June 2024)
Hexagonal grid Vector Own research
Built-environment objects Vector Polish National Databases of Spatial Data (BDOT10k)
Public transport infrastructure Vector Polish National Databases of Spatial Data (BDOT10k)

Source: own research.

The assumptions adopted in the proposed approach are presented in three main
groups as follows:

e Assumptions regarding the division of space, including the following:

— The area is divided into basic hexagonal fields;

—  Only the basic fields that are entirely within the administrative boundaries of the
area under study are considered in the analysis;

— The first level of the neighborhood is considered when determining the potential
of the hexagon for new locations for EVCSs.

e Assumptions regarding available data, including the following:

— The potential of each hexagon for the new location for EVCS is determined based
on selected data available in the BDOT10k database;

—  When determining new locations for charging stations, the locations of existing
stations are taken into account, which requires information on these locations;

— The number of new locations for EVCSs is known, and it is one type of input data;

— The method does not take into account the number of charging sites in individual
locations.

e  Assumptions regarding the criteria for selecting recommended locations for EVCSs,
including the following:

— The locations for EVCSs should be evenly distributed across the studied area;

— The potential of a single hexagon for location for EVCS includes three types
of development as follows: residential area (taking into account the number of
floors), connection to public transport (e.g., transfer centers, bus stations, bus
stops, and railway stations), and public facilities (e.g., hospitals, sports facilities,
museums, cinemas, offices, post offices, schools, etc.).

The recommended locations for EVCSs are determined based on the potentials of the
basic fields for new locations for EVCSs. As a consequence of the assumptions adopted, the
locations for EVCSs are determined with hexagonal accuracy, which means that the method
indicates a set of hexagons in which new locations for EVCSs are recommended. In our
method, we assume that ensuring equal access to the electric vehicle charging infrastructure
will contribute to the greatest possible coverage of this area, with EVCSs and increase the
accessibility of such facilities, which may have a positive impact on the decision-making
process regarding the ownership of EVs by residents of a given area and people using its
facilities [51].

The method is intended to act as a tool that supports local authorities in making
decisions on the locations for EVCSs. Therefore, special emphasis is placed on ensuring
the accessibility of this type of infrastructure for residents while maintaining the principles
of sustainable development, including promoting the use of public transport services
when traveling.
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3.2. Description of the Method

The general scheme of the method is shown in Figure 3. The method consists of five
stages. The final stage is iterative.

MAIN STAGES OF THE METHOD

1. INPUT DATA

< L
2. DIVISION OF THE AREA INTO BASIC FIELDS

<

3. IDENTIFICATION OF EXISTING LOCATIONS OF EVCSs
IN THE AREA

< >

4. ESTIMATION OF POTENTIALS OF BASIC FIELDS
FOR THE NEW LOCATIONS OF EVCSs

< >

5. DETERMINING THE BASIC FIELDS
RECOMMENDED FOR THE NEW LOCATIONS OF EVCSs

Figure 3. The main stages of the method.

This section only discusses the general operation principle of the method. Appendix A
contains the notation and a detailed flowchart of the algorithm as well as a description of
the procedures considered in the proposed method in each of the stages.

In the stage when input data are entered (stage 1), it is required to determine the
spatial boundaries of the area, select the method of dividing the space (i.e., the shape and
size of the basic fields), and specify the number of new locations for EVCSs. The size of the
basic field depends primarily on the availability of spatial data that enable the identification
of development facilities in a single field and acceptable access (mainly walking time) to
an EVCS by potential users of these facilities. Hexagonal shapes of the basic fields were
adopted for the analysis.

In the second stage, the space of the analyzed area is divided into basic fields based
on the assumptions adopted. As a result of this process, a set of basic hexagonal fields is
created along with sets of hexagons on the first and second levels of the neighborhood
according to the principle presented in Figure 2.

Stage 3 of the method consists of identifying the locations of existing EVCSs and
assigning them appropriate hexagons based on the previously performed space division.

When determining the potential of a single hexagon for the new location for an EVCS
(stage 4), the characteristics of various types of objects are considered. They are classified
into three main groups as follows:

e  Group 1—objects related to residential buildings;
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e  Group 2—objects related to public transport;
e  Group 3—objects related to public utility facilities.

Then, the range of variability in each parameter is divided into classes, which allows
for assigning each hexagon to the appropriate class. Each hexagon under study is rated
according to the Formulas (A21)-(A23) (see details in Appendix A). On this basis, the
potential of each basic field is first determined without taking into account the potential of
its neighborhood (i.e., Py(/)), and then, this value is corrected (according to Formula (A26))
by adding the potentials of the hexagons of the first level of the neighborhood, which gives
the value of the potential P(h) for each basic hexagonal field under study.

The process of determining the basic fields recommended for new locations for EVCSs
(stage 5) is iterative and includes a number of steps corresponding to the number of new
locations to recommend. In each step, the hexagon with the greatest potential is identified
and recommended for the new location for EVCS.

4. Results

An example of the application of the proposed method was carried out for the city
of Gliwice. All five stages of the methods were included. Gliwice is one of the biggest
cities of Metropolis GZM (GZM)—a large metropolitan area in southern Poland. The city
is inhabited by about 170,000 residents and constitutes the center of the western part of
the Metropolis.

In the first stage of the method, input data and the boundaries of the area under study
were established. The spatial boundaries of the area, as well as the location of Gliwice in
the background of GZM, are presented in Figure 4.

Figure 4. The boundaries of the area of analysis.

The city of Gliwice is also characterized by a large area. In addition to the densely built-
up central part, there are also suburban districts with single-family housing. Numerous
important facilities are located in Gliwice, such as cultural and recreational objects and the
biggest university of technology in the Silesian region.

The next step in the first stage of the analysis was to establish the number N of new
locations for EVCSs that should be determined. The number N was assumed to be equal
to five.

The second stage of the analysis was to divide the area under study into basic fields.
Hexagonal basic fields were selected. The distance between the parallel sides of each
hexagon was 300 m. This value was chosen based on the assumption that EV users leave
their vehicles at charging stations and then walk to their destinations. Therefore, the size of
the hexagon accounted for the distance that people are willing to walk. The hexagonal grid
was overlayed on the Gliwice area, and the resulting division is presented in Figure 5.



Energies 2024, 17, 4546 12 of 27

f iﬁoogg e g,ff’g
[

> 8¢ §§’o§o 08028
S 9s8505085¢ §29!§§
%

1202

(a) (b)

B boundaries of the area of analysis mssmmm boundaries of basic fields

Figure 5. The spatial division of the area: (a) the division of the area into hexagonal basic fields,
(b) the hexagonal grid on the background of land use in Gliwice.

Subsequently, set H, which contains the numbers of hexagons in the area under study,
and sets H! () and H?(h) for each hexagon i € H were created. The area of Gliwice was
divided into 1890 hexagonal basic fields.

The third stage was the identification of existing locations for EVCSs in the area. These
locations are presented in Figure 6.

Legend:
[ Boundaries of the area of analysis
M Existing charging stations

OSM Standard

Figure 6. Identification of the existing locations of EVCSs in the area.
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In total, 20 existing EVCSs were identified in Gliwice, according to [52]. They are
located mostly in the central part of the city, and a few operate in the suburban areas,
mainly in the vicinity of large shopping centers. The existing EVCSs differ in terms of the
types of chargers in use; however, the selection of the types of these devices is outside
the scope of this study. Therefore, detailed features of the chargers were not analyzed.
Subsequently, a set of numbers of hexagons in which the existing EVCSs are located Hy as
well as sets H} and H3, containing numbers of hexagons in the first and second levels of
the neighborhood for all hexagons in which the existing EVCSs are located were obtained.
The basic fields from sets Hy, H(1), and H% are presented in Figure 7.

I boundaries of the area of analysis
s boundaries of basic fields
. basic fields with existing EVCS

. basic fields of the first neighborhood level

D basic fields of the second neighborhood level

Figure 7. Basic fields with existing EVCSs and basic fields of the 1st and 2nd levels of the neighbor-
hood.

According to the assumptions of the proposed method, all basic fields from sets Hy, Hj,
and H3 were excluded from the consideration as fields where new EVCS could be located.

The fourth stage of the method was to estimate the potential of the basic fields for the
new locations for EVCSs. This potential was estimated for all hexagons except for the basic
fields from sets Hy and H(l).

The potential of each hexagon was determined based on the characteristics of the
selected types of built-environment objects. The specific elements of the sets of objects for
each group are presented in Table 3.

In the case of group S1, i.e., objects related to residential buildings, the total area of
these objects was taken into account to calculate the potential for each field. However,
in the case of group S2, i.e., objects related to public transport, and group S3, i.e., objects
related to public utility facilities, only the presence of these types of objects was considered
(binary variable taking the value 0 or 1).

After performing the necessary calculations, the potential for all basic fields of set HP
was obtained. In total, set HP included the numbers of 1625 basic fields.

In the case of 565 basic fields, there were no built-environment objects from groups
§1-83; therefore, the potential for the location of the new ECVS in these fields was equal to
0. The number of basic fields in the selected ranges of values of potential is presented in
Table 4. The maximum value of the potential P(h) was 2.93, and it was the only basic field
with a value of potential higher than 2.5.
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Table 3. Elements of the sets considered in the analysis.
Number of -
Group a Type of Objects Description
s1=1 single-family housing
S1—objects related to residential buildings s1=2 double-family housing
s1=3 multi-family housing
s2=1 railway stations or stops
. . s2=2 bus stations
S2—objects related to public transport 92 —3 interchange centers
2=4 public transport stops
s3=1 kindergartens
s3=2 elementary schools
s3=3 high schools
s3=4 universities
s3=5 hospitals
s3=6 cinemas
S3—objects related to public utility facilities. s3=7 theatres
s3=38 museums
s3=9 zoological gardens
s3 =10 post offices
s3=11 sport or recreational facilities
s3 =12 city halls
s3=13 local government buildings

Source: own research.

Table 4. Distribution of basic fields in selected value ranges of the potential for a location of the

new ECVS.
Range of Values of Potential P(h) [-] Number of Basic Fields

0 565
<0-0.5) 695
<0.5-1.0) 247
<1.0-1.5) 75
<1.5-2.0) 33

<2.0-2.5) 9

<2.5-3.0) 1

Source: own research.

In the fifth stage of the proposed method, the basic fields recommended for new
locations for EVCSs were determined using an iterative procedure. The number of steps
in the procedure was equal to N = five. The results of the procedure and the selection of
the basic fields recommended for the locations of the new EVCSs in Gliwice are presented
in Figure 8.

In each step of the procedure, one recommended basic field was selected, based on the
highest value of potential P(h), and sets of basic fields of the first and second neighborhood
levels for these basic fields were created. All these basic fields were then excluded from
consideration in the following steps of the iterative procedure.



Energies 2024, 17, 4546 15 of 27

(f)

I boundaries of the area of analysis . basic field recommended for the location of
new EVCSs in i-th step of the iterative procedure
s DoOUNdaries of basic fields
' basic fields of the first neighborhood level to
. basic fields with existing EVCSs fields recommended in i-th step of the iterative
procedure
. basic fields of the first neighborhood level to . basic fields of the second neighborhood level
fields with existing EVCSs to fields recommended in i-th step of the
. basic fields of the second neighborhood level iterative procedure
to fields with existing EVCSs . basic fields excluded during previous steps of
the iterative procedure

Figure 8. Results of the iterative procedure for selecting basic fields recommended for the locations
of new EVCSs: (a) state before the application of the iterative procedure, (b) 1st step of the iterative
procedure, (c) 2nd step of the iterative procedure, (d) 3rd step of the iterative procedure, (e) 4th step
of the iterative procedure, and (f) 5th step of the iterative procedure.
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5. Discussion of the Results

An overview of the recommended fields for the locations of new EVCSs in the area
under study is presented in Figure 9.

Figure 9. Overview of recommended basic fields: (a) basic field chosen during the 1st step of the
iterative procedure, (b) basic field chosen during the 2nd step of the iterative procedure, (c) basic
field chosen during the 3rd step of the iterative procedure, (d) basic field chosen during the 4th step
of the iterative procedure, and (e) basic field chosen during the 5th step of the iterative procedure.
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The hexagonal basic field chosen in the first step of the iterative procedure is located
in the central part of the city. It is characterized by dense development with the following
functions: residential buildings, educational buildings, and public facilities. The basic field
selected in the second step of the iterative procedure contains the buildings of the Silesian
University of Technology, the largest technical university in the Silesian region. The basic
fields chosen in the third and fourth steps of the procedure are characterized by large areas
of residential buildings, mostly multi-floor houses. Finally, the basic field selected in the
fifth step of the procedure is located in a densely populated area, and there are educational
buildings located within its boundaries. The detailed results for these final locations for
new EVCSs are provided in Table 5.

Table 5. Main characteristics of the recommended locations for EVCSs.

Step Number of the Iterative Procedure

Characteristic
First Second Third Fourth Fifth
hax 2197 2596 2187 2024 2707
rate_f1 (h?“a") 0.6 04 1.0 0.6 0.6
rate_fZ(h?“aX) 0.3 0.0 0.0 0.3 0.3
rate_f3 (h?‘ax) 0.8 04 0.2 0.0 04
Py (h?‘ax) 0.57 0.27 0.40 0.30 043
P(hf“‘”‘) 2.93 2.07 2.07 2.00 2.00

Source: own research.

The values of potential P(h®) for the recommended basic fields range from
2.0 to 2.93. These fields are located mainly in the outer parts of the central district of
Gliwice. In all the indicated locations, there is a relatively high level of residential devel-
opment. The highest density of residents is in the location selected in the third step of
iteration (the rate_f1(h"®) value is equal to 1.0). It is also worth noting that not all selected
locations have public transport infrastructure (the rate_f2 (h®) value is equal to 0.0 for
the locations selected in the second and third step of the iterative procedure). Similarly,
based on the available data, no public utility facilities are found in the hexagon selected in
the fourth iteration (the rate_f3(h®) value is equal to 0.0).

The results presented allowed us to confirm the hypothesis that the potential of the
location for a new and publicly accessible EVCS can be assessed based on the features of
the built environment. The potential was calculated for each basic field in the area under
study and—on this basis—conclusions regarding the proposed locations for the EVCSs
were formulated.

The performed analysis also allowed us to answer the first research question and to
create a set of built-environment object types that should be considered in the process of
estimating potential. That set contains objects from the following three main groups: objects
related to residential buildings, objects related to public transport, and objects related to
public utility facilities.

The introduction of two neighborhood levels of basic fields allowed us to determine
new locations for EVCSs that are evenly distributed in space in such a way that ensured
their equal accessibility for users and answered the second research question. The presented
approach also differs from other methods, as it leads to the exclusion of basic fields that are
characterized by high potential but do not allow for a uniform distribution of EVCSs in
the studied area. Nevertheless, it is important to point out that such a basic field can still
be included when all stations are equally distributed to increase the density of EVCSs in a
given area and provide even better conditions for users.

Determining appropriate locations for EV charging stations is particularly difficult be-
cause of the multifaceted nature of this issue, as complex legal, financial, technological, and
organizational aspects must be considered [38]. This article presents a five-step approach
to determining the locations for electric vehicle charging stations in an urban area, which
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takes into account the following three factors related to spatial development: the presence
of residential buildings, connection to the public transport system, and access to selected
public facilities. These factors are related to the directions of sustainable transport develop-
ment [53-61]. The proposed method may assist local authorities in making decisions on
new locations for charging stations in the case of limited financial resources.

The developed model also has some limitations in its application. The accuracy of
the location is determined by the basic field. Therefore, it depends on the size of this field.
In addition, the proposed algorithm gives very high priority to the even distribution of
charging stations, thus ensuring equal access to the charging infrastructure for all residents
and users of EVs. At the same time, it does not verify the technical possibilities of building
infrastructure, obtaining appropriate connection capacities, or administrative permits in
a given area. Therefore, further analysis in the context of the practical application of the
method is necessary, and these issues should be included in the constraints of the model.

Moreover, in a situation where the number of new locations for EVCSs to be deter-
mined is greater than the maximum number of possible (and justified) hexagons to be used,
we can assume that the condition of s uniform distribution is met. It is then worth including
the hexagons located on the second level of the neighborhood in the analysis. In the next
step, hexagons on the first neighborhood level can also be included, gradually densifying
the network of EVCSs. It is also necessary to define the constraints on the reasonable
designation of new proposed locations for EVCSs. One idea could be to determine the
required minimum level of potential for a given hexagon, below which new locations will
no longer be proposed (e.g., hexagons located in the middle of green areas).

There are also potential limitations when using the method in countries other than
Poland. The proposed method requires detailed data on the built environment. These
data are easily accessible for Polish cities with the use of national databases. In different
countries, spatial data could be inconsistent with Polish standards. Therefore, it is necessary
to conduct research to facilitate the use of the method in different countries.

Previous studies also included dividing the area into basic fields to evaluate their
potential for locating new EVCSs. In [25], the authors assessed the potential of hexagonal
basic fields; however, they used different variables related to the population in each hexagon
and traffic characteristics. They also considered the influence of existing EVCSs in the area.
The case study presented in this article was prepared for a different city and a different
country, but we investigated how the new EVCSs were spatially distributed as one of the
results of our analysis. The results obtained by the authors of the other study suggested
that new EVCSs should be equally distributed, also in the basic fields close to the edges of
the area under study. Our results, on the other hand, suggested locating new EVCSs closer
to the city center. However, it is important to keep in mind that this could be caused by
differences in the characteristics of the built environment in each city.

In [62], the authors also used hexagonal-shaped basic fields. However, their approach
was quite different because the authors divided the analysis into two stages as follows:
macroscopic, to assess potentials in larger administrative units, and microscopic, to choose
basic fields in which EVCSs should be located. The potential was calculated based on the
number of registered electric vehicles, average income, and selected features associated
with the built environment.

The method presented in this study is universal, which means that it can also be
applied in other geographical locations and urban areas with different residential devel-
opments. In the case of other public utility facilities, set S3 containing numbers of these
types of objects can be modified to take into account the specificity of the given area. The
resolution of the hexagonal grid can also be adjusted for the access to EVCSs acceptable to
their users, which is mainly related to their travel behavior.

6. Conclusions

The application of the proposed method allowed us to determine a set of five basic
fields in Gliwice, which are characterized by the highest values of potential for new locations
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for EVCSs. These basic fields contain built-environment objects that have a positive impact
on the potential, and they also fulfill the requirement of the uniform spatial distribution of
basic fields to ensure equal access to EVCSs.

An important result of the performed analysis was answering two research questions.
The first research question pertained to the factors associated with the features of the built
environment, which can effectively represent the actual potential of the new locations
for EVCSs. During the analysis, it was determined that built-environment objects of
three main groups should be considered in the method, i.e., objects related to residential
buildings, objects related to public transport, and objects related to public utility facilities.
The first group contains single-family housing, double-family housing, and multi-family
housing. In the case of the second group, these objects include railway stations or stops,
bus stations, interchange centers, and public transport stops. The last group contains the
widest set of objects that concern generally understood public utility facilities such as
kindergartens, primary schools, secondary schools, and universities, as well as hospitals,
cinemas, theatres, museums, zoos, post offices, sports and recreational facilities, city halls,
and local government buildings. The second research question referred to the spatial
distribution of new EVCSs to provide equitable access to them. During the analysis,
two levels of the neighborhood of basic fields were created, which allowed us to fulfill
that requirement.

The proposed model requires further work and development. The next steps need to
include the option of densifying EVCSs in the basic fields on the first and second levels of
the neighborhood, as well as in the fields with existing charging stations. The extended
model could also be used to determine the specific number of chargers within each station.
The use of GIS data in this model also provides the possibility of a preliminary assessment
of the conditions on the side of the power network.

Another direction of future studies includes the development of dedicated software
that facilitates the calculations and the entire process of applying the proposed method.
Such software could be especially useful in the case of large areas and when a large number
of charging stations are to be located.

It is also necessary to consider different methods of dividing the area under study in
future research. Although the hexagonal grid offers significant positive features, it could
also be beneficial to consider, for example, the Voronoi diagram.

Future studies should also be conducted on the behavior and trends among users
of EVCSs. In particular, this would involve taking into account data such as charging
frequencies, charging times, and length of charging sessions, which could be specified for
different types of facilities or types of urban areas. The research could show when and how
often users charge their vehicles as well as which charging patterns they prefer—charging
at night, during working hours, or while shopping. In addition, the length of the charging
session could illustrate whether users prefer fast charging to cover a given distance or
whether full charging is more popular. Analyzing such aspects could improve the efficient
planning and optimization of new locations for EVCSs in future studies.
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Appendix A

Notation:
cl_f1(h), cl_f2(h), cl_f3(h)

F1

f1(h)

EF2

f2(h)

F3

f3(h)

H! (h)
H2 ()

Hy
Hy

hfﬂaX
HL;
HP

HR;

num_cl

Py(h)

P(h)

range_f1,range_f2,range_f3

rate_f1(h), rate_f2(h), rate_f3(h)

S1

S2

S3

—Class of the h-th hexagon concerning the characteristics,
respectively, f1(h), f2(h), and f3(h);

—Matrix containing the values of the function f1, (k) with the
interpretation related to the residential buildings of the sl-type in the
h-th hexagon;

—The aggregated value of characteristics f1, (1) for all types of
objects in the S1 set for the /-th hexagon;

—Matrix containing the values of the function f2,(h) with the
interpretation related to the presence of facilities of public transport of
the s2-type in the h-th hexagon;

—The aggregated value of characteristics f2, (1) for all types of
objects in the S2 set for the hi-th hexagon;

—Matrix containing the values of the function f3_, () with the
interpretation related to the presence of public utility facilities of the
s3-type in the hi-th hexagon;

—The aggregated value of characteristics f3 4 (1) for all types of
objects in the S3 set for the /i-th hexagon;

—Set of hexagon numbers in the area under study;

—Set of hexagon numbers of the first neighborhood level for the
h-th hexagon;

—Set of hexagon numbers of the second neighborhood level for the
h-th hexagon;

—Set of hexagon numbers in which the existing EVCSs are located;
—Set of hexagon numbers of the first neighborhood level for all
hexagons in which the existing EVCSs are located;

—Set of hexagon numbers of the second neighborhood level for all
hexagons in which the existing EVCSs are located;

—Number of the hexagon with the highest value of potential for the
new location of an EVCS in the i-th iteration;

—Set containing the numbers of hexagons considered for the new
location of an EVCS in the i-th iteration;

—Set of hexagon numbers for which the potential for the new
location of an EVCS is determined;

—Set of hexagon numbers recommended for the new location of an
EVCS in the i-th iteration;

—Iteration number;

—Number of new locations of EVCSs to be determined;

—The number of classes into which the ranges of variability in spatial
development characteristics are divided;

—The potential of a single -th hexagon for the new location of an
EVCS without taking into account the potential of neighboring
hexagons;

—The potential of a single h-th hexagon for the new location of an
EVCS taking into account the potential of hexagons located at the first
level of the neighborhood;

—Ranges of the characteristics included in the matrices, respectively,
F1, F2, and F3;

—Estimation of the potential of the /-th hexagon for the new location
of an EVCS in terms of characteristics, respectively, f1(h), f2(h),

and f3(h);

—Set containing the number of object types related to residential
buildings taken into account when determining the potential of the
hexagon for the new location of an EVCS;

—Set containing the number of object types related to public
transport taken into account when determining the potential of the
hexagon for the new location of an EVCS;

—Set containing the number of object types related to public utility
facilities taken into account when determining the potential of the
hexagon for the new location of an EVCS.

The algorithm of the proposed method is presented in Figure Al.
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Stage 1-Input data

= Determine the spatial boundaries of the area.
= Choose the method of dividing the area.
* Specify the numer N of new locations of EVCSs.
= HR,=0
|

Stage 2-Division of the area into basic fields

= Obtain the set H with (Al).
=  Obtain the sets H(h) and H?(h) for h € H.

|

Stage 3-Identification of existing locations of EVCSs in the area

»  Obtain the set Hy,.
»  Obtain the set H§ with (A2) and the set H3 with (A3).
= Obtain the set HLy with (A4).

Stage 4-Estimation of potentials of basic fields for the new locations for EVCSs

= Obtain the set HP with (A5).
=  Obtain the sets §1, $2 and §3 with (A6)-(AS8).

Obtain the matrices F1, F2 and F3 with (A9)-(A11).

Obtain the values of f1(h), f2(h) and f3(h) for h € HP with (A12)-(A14).

Set the values of num_cl, f1min, fpmin fgmin cymax gymax f3max

Obtain the values of range_f1, range_f2 and range_f3 with (A15)-(A17).

Obtain the values of cl_f1(h), cl_f2(h) and cl_f3(h) for h € HP with (A18)-(A20).

Obtain the values of rate_f1(h), rate_f2(h) and rate_f3(h) for h € HP with (A21)-(A23).
Obtain the sets Py(h) for h € HP with (A24).

Obtain the sets P(h) for h € HLy with (A26).

|

Stage 5-Determination of the basic fields recommended for new locations for EVCSs

I
TS oo I's  Obtain the value h{"®* with (A27). i
. = Update the set HR; with (A28). |

I~ Update the set HL; with | 00 o7 Checkif el YOS po==--
1 i — ¢~ ~ 1
Lo ( égg.) _______ ]I \\N\ i=N ’f” n._E_N_D__

Figure A1. The flowchart of the proposed method.

STAGE 1—INPUT DATA

Among the input data, the most important are the following;:

e  The number of new locations for EVCSs to be established (N);
e  The spatial scope of the area that requires precise delineation of its boundaries.

Moreover, in this stage, the size and shape of the basic fields should also be determined.

In this stage, the set of numbers of basic fields recommended for new locations of
EVCSs is empty, i.e., HRg = @.
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STAGE 2—DIVISION OF THE AREA INTO BASIC FIELDS

By dividing the space of the area under study into basic fields, we obtain a set of
hexagons with specific numbers, which is written as follows:

H={12,...,h.. H (A1)

where H denotes the size of the set H, i.e., the number of all hexagons in the area.

Then, for each hexagon h € H the sets of hexagon numbers of the first and second
levels of the neighborhood are determined according to the principle presented in Figure 2.
These sets are marked as H' () and H? (), respectively.

STAGE 3—IDENTIFICATION OF THE EXISTING LOCATIONS OF EVCS IN THE AREA

In this stage, the locations of the existing EVCSs in the area under study are identified
and assigned to the hexagons in which they are located. In this way, the set Hy C H, which
contains hexagons with the existing locations of EVCSs, is built.

Then, sets H} and H3, containing, respectively, the hexagon numbers of the first and
second neighborhood levels for all h€ Hy, are determined according to the formulas:

Hy= |J H'(h) (A2)
heH,

Hy= |J H(h) (A3)
heH),

Basic fields that are elements of the sets Hy, Htl), and H% are not considered for new
locations of EVCSs. Therefore, the initial set, HLy, which contains hexagon numbers in
which new locations for EVCSs are considered, is defined as follows:

HLoz{h: heHAhggHo/\th})AheHg} (A4)

STAGE 4—ESTIMATION OF POTENTIALS OF BASIC FIELDS FOR THE NEW LOCA-
TIONS OF EVCSs

When estimating the potential of basic fields for new locations of EVCSs, hexagons
creating the first level of the neighborhood are also taken into account. Therefore, set HP,
which contains the hexagon numbers for which the characteristics are used to estimate the
potential of hexagon h € HLy, is defined as follows:

Hp:{h: heH/\heéHo/\héH})} (A5)

The potential of a single hexagon is determined based on the characteristics of various
types of objects classified into three main groups as follows:

e  Group 1—objects related to residential buildings;
e  Group 2—objects related to public transport;
e  Group 3—objects related to public utility facilities.

Therefore, three sets containing the numbers of object types taken into account when
determining the potential of basic fields for the new locations of EVCSs are defined
as follows:

s1={1,2,...,s1,...,51} (A6)
$2=1{1,2,...,2,...,52} (A7)
$3=1{12,...,53,...,53} (A8)

where S1, 52, and S3 denote the number of object types in a given group (i.e., the sizes of
the sets S1, S2, and S3), respectively.
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For each group of object types, one characteristic is selected as an additive variable,
which can be determined for each basic field quantitatively for all types defined within
each group. For the group of object types included in set S1, the characteristic f1., (k) with
the interpretation of the residential development area, taking into account the number
of floors of objects of type sl in the hexagon i € HP, is determined. For set S2, the
characteristic f2,(h) related to the presence of public transport objects of type s2 in the
hexagon I € HP is chosen, and for the group S3, the characteristic f3_,(h) identifying the
presence or absence of an object of type s3 in the hexagon i € HP is chosen. The values of
these functions are arranged in matrix form as follows:

Fl1 =[f1,(h): sle S1,h € HP) (A9)
F2=[f2,(h): s2€ S2,h € HP) (A10)
F3=[f3,(h): s3€ S3,h € HP) (A11)

To determine the potential of the basic field for the new location of an EVCS, the
aggregated values of the characteristics defined by Formulas (A9)-(A11) are determined
for each hexagon as follows:

f1(h) = 521 flg(h), he€HP (A12)
s1=1
52

f2(h) =Y f2,(h), heHP (A13)
s2=1
53

f3(h) =Y f34(h), heHP (A14)
s3=1

The parameter num_cl means the number of classes into which the range of variability
in each variable determined by Formulas (A12)—(A14) is divided. This number is the same
for all characteristics. The class ranges for individual characteristics are as follows:

flmax _ flmin

range_f1 = poy— (A15)
ymax _ 2min

range_f2 = % (Ale6)
gmax _ 3min

range_f3 = % (A17)

where the minimum values f1™", f2™" and f3™" and the maximum values f1m%, f2max,
and f3™M% are determined based on the assumed variability of each characteristic.

Determining the range of classes for individual characteristics allows for the allocation
of a hexagon to classes cI_f1(h), cI_f2(h) and cI_f3(h), respectively, according to the
following rule:

Vof1(h) > f1MN A f1(Rh) < f1m

i _ min | (A].S)
cl_fi(h) = | DL\, he HP
Vof2(h) > 2" A f2(h) < f2m

B _ min | (A19)
cl_f2(h) = | BUZLZN, he HP
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V f3(h) > f3™" A f3(h) < f3
3(h)— f3min (A20)
cl_f3(h) = [f,g,jgefﬁ,w h € HP
For the values f1(h), f2(h), and f3(h) that do not meet the conditions indicated in
Formulas (A18)-(A20), no classification is carried out. Then, each hexagon is rated by
rate_f1(h), ratesy ), and ratess ), respectively, depending on the class assigned for a given
characteristic according to the following rule:

0, f1(h) < f1min

rate_f1(h) = {cl_fl(h)/num_cl, f1(h) > flmin A f1(h) < f1™, he€ HP (A2l)
1, f1(h) > f1mex
0, £2(h) < fomin

rate_f2(h) = {cl_fZ(h)/num_cl, f2(h) > f2min A f2(h) < f2™, he HP (A22)
1, f2(h) > fomex
0, £3(h) < f3min

rate_f3(h) = {cl_fB(h)/num_cl, f3(h) > f3™ A f3(h) < f3™>, heHP (A23)
1, f3(h) > f3m

The potential of a single basic field & € HP without taking into account the potential
of neighboring fields is marked as Py (/) and determined according to the formula:

Py(h) = wy-rate_f1(h) + wy-rate_f2(h) + ws-rate_f3(h), h € HP (A24)

where w, wy, and w3 denote the weights adopted for individual groups of object types,
with:

w+wy+wsz =1 (A25)

The potential of a single basic field, taking into account the potential of hexagons

located at its first level of the neighborhood, which is the basis for determining the set of
hexagon numbers recommended for new locations for EVCSs, is determined as follows:

P(h) =Po(h)+ Y, Py(h), heHL (A26)
heH! (h)

STAGE 5—DETERMINATION OF THE BASIC FIELDS RECOMMENDED FOR NEW
LOCATIONS OF EVCSs

Step 5 contains an iterative procedure with the number of steps equal to N, corre-
sponding to the number of new locations of EVCSs to be determined. In each i-th iteration,
the following actions are performed:

e  Selecting the hexagon number 1" with the highest potential value from the set of
hexagon numbers HL; ; according to the rule:

max . maxy) _
AP P() = | max {P(h)}, (A27)

e  Updating the set of HR; that contains the hexagon numbers recommended for the new
locations of EVCSs with the basic field number 1", i.e.,:

HR; = HR;_, U {h™}, (A28)

e Updating the set HL;, which contains the numbers of basic fields in which new loca-
tions of EVCSs are considered in the next iteration; removing the hexagon number
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h*® along with the hexagon numbers of its first and second levels of the neighborhood
from the set HL;_;, which can be expressed as follows:

HL; = ((HLiy~ {5P5)) ~ H () ) < HE (=) (A29)

The algorithm is completed after N iterations, giving the output set HRy containing
the hexagon numbers in which new locations for EVCSs are recommended.
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