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ABSTRACT

Electric vehicles arouse interest since they not only contribute economies of countries in the
context of dependency to oil but also support to more livable and sustainable urban areas. The
location selection of electric vehicle charging stations is one of the most vital topics in order to
enhance the use of electric vehicles. In this sense, the aim of this paper is to propose an approach
that integrates Geographic Information System (GIS) techniques and Multi-Criteria Decision
Making (MCDM) methods for finding suitable locations of the electric vehicle charging stations.
In this regard, the Analytic Hierarchy Process (AHP) and the Fuzzy Analytic Hierarchy Process (FAHP)
methods are used to calculate the weights of criteria. While the two different weights for each
criterion are obtained by means of AHP in terms of environmental impact and accessibility, another
weight for each criterion is obtained as a means of applying the FAHP. The intersection of three
different suitability indexes is determined so as to achieve a holistic, credible result. The Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS) method is used to rank the alternative
locations. The results show that the proposed approach offers a notable solution to be selected
suitable charging station locations. Moreover, policymakers and administrators could benefit from
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these results in order to make efficient decisions for forward planning and strategies.

1. Introduction

Citizens often benefit from transportation services to
continue their daily life routine properly. These services
comprise of land transportation, water transportation,
and air transportation. As a commonly used transporta-
tion option, fuel-powered vehicles affect the environ-
ment and people’s health negatively because they
generate some harmful gases such as carbon dioxide,
nitrogen oxides, ozone, and microscopic particles.
According to the World Resource Institute (WRI) report
that includes worldwide energy usage ratios and is pub-
lished in 2006, while carbon dioxide composes 65% of
this ratio, transportation services that use fossil fuels
compose 21% of it (You and Hsieh 2014).

Since mobility is a vital necessity for actualizing of
many economic and private activities, the requirement
for mobility is generally provided with road traffic in
urban areas of many industrialized countries (Helms
et al. 2010). Energy efficiency is an important factor for
the economic model of the countries because sustain-
ability needs more energy than it consumes. Nowadays,
there are concerns regarding the energy crisis since
natural energy sources, including oil, gas, and coal are
finite (Villacreses et al. 2017). The demand for fossil fuel
energy can diminish because of the current financial and

economic crisis in the world, but the general opinion
states that this situation is temporary (Charabi and Gastli
2011).

Public administrations of many cities seek to enhance
the use of electric-powered vehicles as urban transpor-
tation service in order to protect the environmental and
economic sustainability since these vehicles produce
much less pollution in comparison with the traditional
fuel-powered vehicles. Moreover, electric vehicles are
named as partial zero-emission vehicles despite the
fact that they release some contaminants (You and
Hsieh 2014). In light of this information, electric vehicles
are acknowledged as one of the proper solutions to be
markedly decreased traffic emissions and petroleum
dependency (He et al. 2013).

The development of the electric vehicles accelerates
thanks to researchers and experts who currently try to
explore the new ways that promote the transmission of
energy and power systems. Hence, the energy transmis-
sion stage has begun for the global auto industry.
Charging stations are one of the main contributive fac-
tors to be enabled the more widespread use of electric
vehicles (Ge, Feng, and Liu 2011); therefore, suitable
location planning of electric vehicle charging stations is
a significant problem. If the charging stations are built in
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inappropriate places, drivers and traffic networks can be
negatively influenced (Liu, Wen, and Ledwich 2013).
Regarding this, fast charging stations located in appro-
priate locations can provide more effective use of elec-
tric vehicles that citizens have (Nansai et al. 2001; Fox
2013). In this sense, this paper investigates how suitable
locations of electric vehicle charging stations can be
determined efficaciously. Also, the study addresses the
research questions in follows:

e Which methodology can enable the selection of
suitable locations of electric vehicle charging sta-
tions in a more applicable way?

e How can the holistic approach result that takes
various objectives into account be obtained?

There are several studies that aim to find suitable loca-
tions for electric vehicle charging stations. These efforts
mostly comprise of optimization and multiple criteria
techniques. While some of these efforts take electric
and transport networks into consideration, some stu-
dies utilize point-based and flow-based models in terms
of demand for charging stations. Cai et al. (2014) carried
out a comprehensive analysis by using taxi route data
to determine the best locations of public electric vehi-
cle charging stations in Beijing. According to the results
of this study, they identified the suitable hot spots for
possible locations of charging stations in the city. Also,
they found that the charging stations located in proper
locations have a positive effect on the model of travel.
They mentioned that the use of charging stations
reached the highest point at noon and summer. Lam,
Leung, and Chu (2014) utilized different methods to
overcome the problem of locating electric vehicle char-
ging stations, but their methodology only allows them
to select suitable territories rather precise locations for
siting charging stations. Differently, in the presented
study, a spatial analysis based approach is performed
to find suitable locations in more detail. In other words,
candidate locations are pixels, not regions. Guo and
Zhao (2015) used the fuzzy TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution)
approach that is one of the popular Multi-Criteria
Decision Making (MCDM) methods to select the suita-
ble locations of electric vehicle charging stations. They
took different factors such as the environment, econ-
omy, society, electric power system, and transportation
system into consideration. In this study, it is first deter-
mined four alternative charging station locations, and
then the best one is selected. This approach can cause
the elimination of the various suitable locations for
charging stations. Furthermore, the authors did not
use any spatial analysis to evaluate alternative

locations. With the aim of eliminating these shortcom-
ings, the present paper applies an approach that inte-
grates Geographic Information Systems (GIS) and
MCDM to select and assess candidate charging station
locations. Song, Wang, and Yang (2015) benefitted from
Voronoi diagrams to come through the electric vehicle
charging station placement problems with the objec-
tive of minimizing social cost. He, Kuo, and Wu (2016)
proposed a methodology that involves the comparison
of different factors such as local constraints, demand for
electric vehicle charging stations, and plant location
models to be determined the appropriate positions of
public electric vehicle charging stations. The authors
did not mention how the weights of criteria were cal-
culated in demand analysis. To remove this ambiguity,
the present study uses MCDM methods that enable to
check the consistency of decisions. Andrenacci, Ragona,
and Valenti (2016) generated a model based on an
analysis of driving samples to find ideal places of elec-
tric vehicle charging stations in urban areas of Rome.
They mentioned that the generated model can be
applied to different placement problems. Philipsen
et al. (2016) conducted a study that investigates the
effective usage potential of electric vehicles charging
stations located in citizen’s working areas. The criteria
used in this study were obtained from previous studies
that aimed to find suitable charging station locations.
Their study results showed that motorway service sta-
tions, shopping centres, and traditional petrol stations
can be evaluated as potential fast-charging station loca-
tions. However, the exact locations of alternative char-
ging stations were not examined in detail. For this
reason, the present study performs an evaluation ana-
lysis by using the TOPSIS method to assess determined
charging station locations. Wu et al. (2016) used the
Preference  Ranking Organization Method for
Enrichment Evaluations (PROMETHEE) method based
on decision-making for detecting the suitable locations
of electric vehicle charging stations. Analytical Network
Process (ANP) method is applied to measure the corre-
lation of parameters. In this study, the optimal site is
selected among predetermined alternative locations.
With the aim of realizing a detailed analysis, the present
paper endeavours to select suitable locations by assum-
ing that all pixels in the study area are alternatives.
Zhao and Li (2016) accomplished research that includes
selecting the proper one out of five different potential
electric vehicle charging station sites. They remarked
that environment sub-criteria have the highest effect
according to their study results. The authors deter-
mined suitable districts rather than precise locations.
That is why the present study aims to propose an
approach that enables to obtain the elaborative results



by using spatial data and analyses. Zhu et al. (2016)
proposed a model that uses the genetic-algorithm
method to solve the charging station location problem
of electric vehicles with the aim of minimizing the total
cost. It was underlined that the expanded model can
provide a more effective location structure according to
the results of this study. Yet the authors did not take
land-use features into consideration and they also
assumed that the demand for charging stations is
homogenous in the study area. The present paper
attempts to find suitable locations by taking both dif-
ferent objectives and built environment into account.
Awasthi et al. (2017) carried out a study that contains
the integration of genetic and improved swarm optimi-
zation methods in order to find optimal electric vehicle
charging station structures in terms of placement and
sizing. Wu et al. (2017) developed an index system that
bases on different factors such as economic, social
environment, planning, and settlements by using the
Triangular Intuitionistic Fuzzy Numbers (TIFNs) method
so as to solve the problem of electric vehicle charging
station positioning. The authors made a selection for
districts. As mentioned before, a detailed analysis is
performed in the presented study. Wei et al. (2018)
introduced a method that provides the optimal place-
ment of electric bus system batteries by taking the
spatio-temporal characteristics of buses into considera-
tion. He et al. (2018) generated charging station best
location selection model based on driving ranges of
electric vehicles by applying the bi-level programming
method. According to the results of this study, they
observed that the driving rages dominantly affect the
selection process of appropriate charging station loca-
tions. Erbas et al. (2018) proposed an approach that
combines GIS techniques and MCDM methods to deter-
mine optimal locations of electric vehicle charging sta-
tions in Ankara, Turkey. The authors applied different
scenarios relating to obtaining weights of criteria, but
they did not analyse the intersection of suitable loca-
tion suitability indexes that are gained from these sce-
narios. To contribute to the literature, the present paper
takes the objectives of environmental impact and
accessibility into account and creates the intersection
suitability result by benefiting from these objectives.
Csiszar et al. (2019) proposed a technique that inte-
grates weighted multi-criteria methods and hexagon-
based approach to locate the new electric vehicle char-
ging stations. The authors did not mention the consis-
tencies of criteria that are used and they also did not
clarify the value ranges of supplementary sub-criteria,
namely slope and charging price. In the presented
study, the consistencies of all decisions are calculated.
Dong et al. (2019) proposed a methodology that
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benefits from maximal coverage location models and
also spatial statistics to determine the optimal charging
station locations. This study is utilized by using low
pixel resolution as 1 km. In this respect, the present
study performs the spatial analysis by using relatively
high resolution (30 m x 30 m).

The main aim of this paper is to offer an efficient and
viable approach that allows being found the suitable
locations of electric vehicle charging stations. The
other aim of the study is to show and enable location
selection by taking different objectives into considera-
tion. By doing this, it will be provided more participatory
and convincing outcomes for location selection.
Researchers generally select the optimal locations of
charging stations from among predetermined, alterna-
tive ones. This can regrettably limit the effectiveness of
location selection. Moreover, the ranking of alternative
locations is realized by using MCDM without applying
any spatial analysis. This is because Spatial Decision
Support Systems (SDSS) are used to overcome this short-
coming since each pixel can be recognized as an alter-
native location for the electric vehicle charging station.
The location selection problem is affected by various
factors. In this context, this paper presents an approach
that integrates GIS techniques and MCDM in order to be
effectively selected the optimal locations for electric
vehicle charging stations. This research can contribute
to the existing literature in the following ways:

e While the two different criteria weights are obtained
by using the Analytic Hierarchy Process (AHP) in
terms of both environmental impact and accessibil-
ity, other weights of criteria are calculated by means
of the Fuzzy Analytic Hierarchy Process (FAHP). By
doing so, it will be enabled overarching location
selection as well as providing trustworthy results.

e By utilizing GIS techniques, the suitable charging
station locations are determined not only using
semantic information but also benefiting from the
integration of spatial and semantic information.
First, the spatial layers related to criteria are cre-
ated, and then the suitability index is calculated by
assigning criteria weights to relevant spatial layers
with the help of the Weighted Linear Combination
(WLCQ). GIS techniques provide to be spatially repre-
sented the criteria as well as allowing the realiza-
tion of various spatial analyses such as slope and
kernel density.

¢ The final charging station location suitability index
is found as a means of intersecting three different
suitability index; therefore, the shortcomings that
stem from negative features of different methods
could be removed.
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e The alternative charging station locations are
ranked by using the TOPSIS method; besides, this
ranking is compared with the ranking that is
obtained by using suitability index pixel values of
locations. Thus, this will give a helpful viewpoint to
researchers for future studies.

The proposed approach is illustrated as a case study in
three neighbour districts, including Atasehir, Uskudar,
and Kadikoy within Istanbul, Turkey (Figure 1). Istanbul
is located in the northwest Marmara region of Turkey.
Their boundaries are represented with the coordinates
of 28°10” and 29°40’ East longitude and 40°50' and 41°30’
North latitude. According to the 2017 Turkish Statistical
Institute (TurkStat) data (TurkStat 2017), Istanbul has
a population of 15,029,231 and is the most populous
city across the nation. It is also the greatest compact city
of Turkey in terms of economics, culture, and global
interest. Istanbul notably grew in the context of the
environment, economy, and socialization because of
rapid industrialization and urbanization that occurred
in the second half of the 20th century. In the study
area, there are transportation transfer centres, main
roads, connection roads, and meeting points that are
commonly visited by society. Moreover, green and
urban areas are the dominant land use classes.

In Turkey, the government tries to determine policies
in order to efficiently encourage and enhance the use of
electric vehicles since only 1% of cars that are registered
to the traffic use electric-hybrid fuel type as can be seen
in Figure 2 (TurkStat 2019). This is why the determination
of suitable charging station locations is of vital
importance.

The first section gives a brief overview of the impor-
tance of electric vehicles and surveys the relevant litera-
ture and provides the contributions and aims of the
research. The remainder of the paper is organized as
follows. Section 2 outlines the methodology that is
used in this research. Section 3 presents the case study
results and discusses them. Finally, Section 4 concludes
the paper and conveys the suggestions.

2. Methodology

This paper investigates how to use the integration of GIS
techniques and MCDM for finding suitable locations of
electric vehicle charging stations. In this regard, the
workflow of the study is composed to enable the repeat-
ability of the proposed approach in different regions
(Figure 3). First, the study area is determined in order
to exemplify the methodology, and then the relevant
literature is reviewed in detail to be decided on the
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Figure 1. The map of the study area.
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Distribution of cars registered to the traffic according to fuel type
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Figure 2. Distribution of cars registered to the traffic according to fuel type in Turkey (TurkStat 2019).
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Figure 3. The workflow of the study.

criteria that affect the suitable locations of charging
stations. The spatial features of the study area are con-
sidered when selecting the criteria; thereafter, the sub-
criteria values that show the location suitability are
determined between zero and five. While zero is used
to represent not suitable areas, five is used to represent
the most suitable areas. The next section detailedly
clarifies which criteria are used and how sub-criteria
values are assigned in this research. In order to execute
spatial analyses, map layers that represent each criterion
are produced in the GIS environment. The ArcGIS soft-
ware package is used to realize spatial analyses,

projection transformations, and visualizations. All layers
have the same projection system as WGS84. Also, all
raster-based spatial analyses are carried out by using
30 m x 30 m cell resolution. This resolution is determined
according to both previous works and large scale study
extent (Gller and Yomralioglu 2017). The next step in
the workflow is to compose the pairwise comparison
matrices of AHP and FAHP in order to get the weight
of each criterion. If the weights of criteria are obtained
by taking multiple objectives into consideration, this will
provide a holistic solution for finding suitable locations.
To do this, two different comparison matrices for AHP
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are composed in terms of environmental impact and
accessibility. On the other hand, the weights of criteria
are not exactly acquired all the time since each MCDM
method has some typical disadvantages. Researchers
generally assume that there is no specific best method
in MCDM studies. In this regard, if one method can be
integrated with other MCDM methods, this method has
an advantage in the sense of reliability. Accordingly, AHP
and FAHP methods are used together in this study. In
order to eliminate the disadvantages to some extent,
another comparison matrix for FAHP is composed addi-
tionally. After this, the procedure steps in the methodol-
ogies of AHP and FAHP have applied and hence three
different weights for each criterion could be calculated
by using constituted comparison matrices. In the next
step, each suitability index is obtained by applying WLC
that can associate each criterion layer to its weight and
combine all of them. The common areas associated with
each suitability class are found as a means of intersecting
each suitability index layer so that the dependableness
of the results is enhanced. This process is conducted by
means of map algebra and also provides the final suit-
ability index. The alternative locations of charging sta-
tions are determined according to the high suitable class
of the final suitability index. Finally, these locations are
ranked by using the TOPSIS.

In this study, a GIS-based MCDM approach is applied
to determine suitable locations of electric vehicle char-
ging stations. Since GIS techniques can manipulate both
spatial data and semantic data, researchers benefit from
them in order to tackle the different complex problems
that require spatial data and analyses. GIS techniques
enable to be used the different criteria, including land
values and population density with their spatial informa-
tion for location selection applications because they
realize the spatial analyses by using both vector and
raster data formats. The same spatial analyses are
repeated in MCDM applications that include a large
number of different criteria. For example, various, result-
ing maps are obtained by using three different weights
of criteria in this research. With the aims of preventing
repetitive operations and providing automation in the
GIS environment, the location selection model is created
by means of a model builder tool in ArcMap (Figure 4).
The criterion map layers are entered into this model in
the first step. These layers are used as input and they can
be seen as blue in the figure. After, spatial analyses are
executed by using the Euclidean distance method for
criteria that need to distance analysis. Other criteria
such as income rates and land values that exist in
a vector data format are transformed to raster data by
applying the feature to raster spatial analysis tool. In the
next step, reclassification analysis is applied to all

criterion data layers by using attribute class intervals in
Table 1. These interval values are selected by taking
previous studies into account. The location selection
resulting map is obtained by using the weighted sum
spatial analysis tool in the final phase.

2.1. Description of the criteria

In this paper, ten criteria are used to select suitable loca-
tions of the electric vehicle charging stations. The existing
researches are taken into consideration in order to select
the criteria that affect the charging station location. These
criteria are population density, shopping malls, roads,
income rates, transportation stations, petrol stations, park
areas, green areas, slope, and land values. This section
presents the comprehensive explanations of each criterion
and its sub-criteria. Also, the maps that represent the spa-
tial suitability distribution of each criterion were produced.
Table 1 lists the scores of sub-criteria. The sub-criterion
scores of distance-based criteria are determined by taking
walking distance that is between station and demand
point into account. It is accepted that this distance is
optimally less than 250 m.

2.1.1. Population density

The necessity for charging stations is greater in areas where
electric vehicles are frequently used. For this reason, popu-
lation density can be used as a factor to determine these
regions. In this study, the up-to-date population data of
TurkStat is used. Population density is calculated for each
neighbourhood, and then they are classified according to
the Natural Breaks (Jenks) method. If the location has
a high population density, it will be more suitable.

2.1.2. Shopping malls

Shopping malls can be considered as an evaluable option
to find suitable locations of electric vehicle charging sta-
tions because charging stations located close to shopping
malls will be more beneficial. Google Maps is used to
create a map layer of the shopping malls criterion. The
coordinates of shopping malls are obtained and then the
coordinate system transformation is applied. If the loca-
tion is close to shopping malls, it will be more suitable.

2.1.3. Roads

The roads that are often used by electric vehicles are
critical in order to determine suitable locations of electric
vehicle charging stations. To create the roads map layer,
roads that have two or more lanes are first determined,
and then the new map layer is formed by using these
data. The road map layer is created as a vector data
format. If the location is close to the roads, it will be
more suitable.
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Figure 4. Electric vehicle charging station location selection model.

2.1.4. Income rates

Income rates can be evaluated in the location selection
of the electric vehicle charging station. The map layer is
created by using income rates statistics of districts that
are shared with the public. This new map layer is classi-
fied into three ranges. If the location has a high-income
rate, it will be more suitable.

2.1.5. Transportation stations

The study area includes many public transportation sta-
tions since it connects significant parts of the city. Electric
vehicle owners can benefit from electric vehicle charging
stations located close to transportation stations because
they can park their vehicles for charging and use public
transportation services. The transportation map layer is
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Table 1. Criterion scores.

Criterion Sub-Criterion Score

(%2}

Population density (C1) 33<
23-32
17-22
10-16
<9
Shopping malls (C2) (m) <250
250-500
500-750
750-1000
1000<
Roads (C3) (m) <250
250-500
500-750
750-1000
1000<
Income rates (C4) (TL) 9025
6987
6577
Transportation stations (C5) (m) <250
250-500
500-750
750-1000
1000<
Petrol stations (C6) (m) <250
250-500
500-750
750-1000
1000<
Park areas (C7) (m) <250
250-500
500-750
750-1000
1000<
Green areas (C8) (m) 300<
250-300
200-250
150-200
100-150
<100
Slope (C9) (°) <5
5-10
10-15
15-20
20-25
25<
Land values (C10) (TL) <677
678-1068
1069-1450
1451-2907
2908<

= NWPARUUO—_NWPRUO=NWRARU=NWRARU=NWRARU=_LNWDRARU_L,WULI=_NDNWDRARUO=_SNWRARO=SNWDS

composed of metro and metrobus stations that are used by
an average of three million passengers each day. If the
location is close to transportation stations, it will be more
suitable.

2.1.6. Petrol stations

The petrol stations are one of the first locations that come
to mind for electric vehicle charging stations. Yet the sta-
tion requirements are different for internal combustion
vehicles as compared to electric vehicles. Nevertheless,
the existing petrol stations can be considered as suitable
locations for electric vehicle charging stations because
these areas are located according to the current traffic
network. If the location is close to petrol stations, it will
be more suitable.

2.1.7. Park areas

The park areas are another criterion that is taken into
account for electric vehicle charging stations. Spatial and
attribute information of the car parks is obtained from
ISPARK that is the official corporation in Istanbul, Turkey.
The park areas map layer is prepared by using this data.
The parked cars can be efficiently charged. If the location
is close to park areas, it will be more suitable.

2.1.8. Green areas

Green areas are used as an environmental factor in this
study when finding suitable locations of electric vehicle
charging stations. Since the study area only contains
green areas in terms of environmental impact, there is
no other criterion. The map layer is created by using
a remotely sensed image. The maximum likelihood
supervised classification method is applied to the
Sentinel-2A satellite image that is freely distributed by
the European Space Agency (ESA). If the location is far
from green areas, it will be more suitable.

2.1.9. Slope

The slopes of locations can affect the location selection
process of electric vehicle charging stations in terms of
both construction cost and feasibility. The study area
includes the regions that have a nonstable and high
slope. For these reasons, the slope map layer is created
by executing the slope spatial analysis tool of ArcMap.
ASTER GDEM digital elevation model that is generously
distributed with the world is used as a source data. If the
location has a low slope, it will be more suitable.

2.1.10. Land values

Land values are taken into consideration as an economic
factor for suitable location selection of electric vehicle
charging stations since the study area includes the
regions that have very variable land values. In this per-
spective, the land values map layer is prepared by using
street-scaled statistics that are in the Turkish Lira (TL)
unit and are shared by the Revenue Administration of
Turkey. First, the average land values of each neighbour-
hood are calculated, and then these data are associated
with the relevant spatial criterion layer. If the location
has a low land value, it will be more suitable.

2.2. Multi-criteria decision making (MCDM)
methods

The suitable location selection for the electric vehicle
charging station is an MCDM problem because it is
affected by a lot of criteria. This process can be realized
by taking several criteria into consideration. MCDM meth-
ods are an analytical tool that provides making efficient



decisions when different considerations get involved in
the process. These methods are generally categorized as
Multi-Objective Decision Making (MODM) and Multi-
Attribute Decision Making (MADM). In this study, it is
benefitted from AHP, FAHP, and TOPSIS methods.

2.2.1. The analytic hierarchy process (AHP)

AHP is a method that assists to deal with complicated
problems. It was developed by Saaty (Saaty 1990) in the
1970s and has significantly progressed over the years.
AHP uses the criteria that are essential for the decision-
making process. It forms a hierarchical structure by pro-
viding the uninterrupted steps. Starting from the general
purpose, the rankings of criteria and sub-criteria are
obtained, and then the alternatives are determined.
Decision-makers decide how important one criterion is
in comparison with another criterion when creating the
pairwise comparison matrices.

The aim of creating matrices is to convert the prefer-
ences of the decision-makers into a calculable scale. This
conversion is realized by using the scales that are shown
in Table 2 (Ma et al. 2005). Furthermore, this scaling
approach provides that the weights of the criteria can
be homogeneously determined. Pairwise comparison
matrices are formed by using all criteria. To calculate the
weights of criteria quantitatively, the eigenvalue vector
method is applied (Eskandari 2017). A detailed methodol-
ogy of AHP can be found in (Hofer et al. 2016).

The AHP also provides a mathematical determination of
the inconsistencies in the decision-makers’ judgements.
The consistency ratio (CR) can be calculated based on
the properties of the comparison matrices. If the (CR) is
less than 0.1, pairwise comparisons are accepted.
Otherwise, the matrices should be recreated, and then
the new (CR) value should be also checked for consistency
(Ma et al. 2005).

In this research, the AHP hierarchy is composed of
three main criteria, namely accessibility, environmental,
and economic. These main criteria also have different
sub-criteria. Figure 5 shows the AHP hierarchy of this
study. Pairwise comparison matrices are created by tak-
ing relevant researches in the literature into considera-
tion (Guo and Zhao 2015; Wu et al. 2016; Zhao and Li
2016; Wu et al. 2017). Two different weights for each
criterion are obtained in terms of environmental impact

Table 2. Fundamental scale for pairwise comparisons in AHP.
Verbal scale

Numerical values

Equally important, likely or preferred 1
Moderately more important, likely or preferred 3
Strongly more important, likely or preferred 5
Very strongly more important, likely or preferred 7
Extremely more important, likely or preferred 9

Intermediate values to reflect compromise 2,4,6,8
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and accessibility. In this sense, pairwise comparison
matrices are separately generated, and then the normal-
ized weights of criteria are calculated by means of AHP
methodology (Tables 3-8). Figure 6 presents the ratios of
weights of criteria in the context of environmental
impact and accessibility. The CR value is calculated as
acceptable for all pairwise comparison matrices.

2.2.2. Fuzzy analytic hierarchy process (FAHP)

The determination of the exact values of the data accord-
ing to the measurements is very problematic for human
judgement. Decision-makers and policymakers prefer nat-
ural language representations rather than crisp numbers.
The fuzzy set theory is used in ambiguous or uncertain
situations. The concept of the fuzzy theory was first pre-
sented by Zadeh (1965). The FAHP method was devel-
oped as an extension of the AHP method. Although AHP
uses the crisp numbers to express the expert’s knowledge
in decision making, FAHP can reflect human thoughts
more realistic than AHP since it uses the interval values
of simple crisp numbers. Therefore, the FAHP method is
frequently applied in MCDM problems that are hierarch-
ical and complex. In this study, it is used the extent
analysis method that is proposed by Chang (1996).

Table 9 presents the scale values that are used to
create the pairwise comparison matrix in the context of
fuzzy scaling (Lee, Mogi, and Hui 2013). The detailed
methodology of Chang’s extent analysis method can
be found in (Dagdeviren, Yiiksel, and Kurt 2008).

Figure 7 shows the FAHP hierarchy of this study.
Pairwise comparison matrices are established by benefiting
from research in the literature (Guo and Zhao 2015; Wu
et al. 2016; Zhao and Li 2016; Wu et al. 2017). Table 10
shows the FAHP pairwise comparison matrix in this study.
The weights of criteria are calculated by using this matrix.
The CR is not normally calculated in Chang’s method
because if one of the weights of the criteria is zero, this
creates mathematical uncertainty. In this study, the consis-
tency ratio is calculated since the weights of all criteria are
different from zero. In addition, the pairwise comparison is
accepted because the CR is lower than 0.1. All FAHP calcu-
lations are executed by using MATLAB software. The code
can be costlessly downloaded from the sharing platform
(Guler 2020). Figure 8 details the ratios of weights of
criteria.

2.2.3. Technique for order preference by similarity to
ideal solution (TOPSIS)

TOPSIS is used to rank the alternatives in decision making
studies. If the most preferred alternative has the shortest
distance from the positive ideal solution and it has the
longest distance from the negative ideal solution, this
situation provides a reliable ranking solution. TOPSIS is
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Shopping malls
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Petrol stations
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Figure 5. AHP hierarchy of this study.

Table 3. The pairwise comparison matrix of environmental
impact scenario.

Environmental
(B2)

Economic (B3)

Land values
(C10)

Slope (C9)

Table 6. The pairwise comparisons matrix of accessibility
scenario.

A B, B, Bs W A B, B, Bs w

B, 1 1/2 3 0,3196 B, 1 6 4 0,6910

B, 2 1 4 0,5584 B, 1/6 1 1/3 0,0914

B;s 1/3 1/4 1 0,1220 B; 1/4 3 1 0,2176
CR = 0.019, B;: Accessibility, B, Environmental, B; Economic CR = 0.056, B;: Accessibility, B,: Environmental, B;: Economic

Table 4. The pairwise comparison matrix of accessibility sub-
criteria.

B, G G G (@ Cs [ G W

G 1 172 1/2 1/2 2 1/2 172 0,0875
G 2 1 1/3 2 2 1/2 2 0,1520
G 2 3 1 2 3 2 2 0,2656
G 2 1/2 172 1 2 1/2 1/2 0,1067
Cs 1/2 172 1/3 1/2 1 1/2 172 0,0665
Cs 2 2 172 2 2 1 2 0,1917
G 2 1/2 1/2 2 2 1/2 1 0,1300

CR = 0.044, C;: Population density, C,: Shopping malls, Cs: Roads, C,: Income
rates,

Cs: Transportation stations, (s Petrol stations, C;: Park areas

Table 5. The pairwise comparisons matrix of economic sub-
criteria.

Bs Co Cyo w
Co 1 1/3 0,25
Cio 3 1 0,75

CR =0, Cg: Slope, C;: Land values

Table 7. The weights of environmental impact scenario.

Goal A Hierarchy B Hierarchy C w
A B, G 0,0280
(&} 0,0486
G 0,0848
Cy 0,0341
Cs 0,0213
Ce 0,0613
G 0,0416
B, Cs 0,5583
Bs (@ 0,0305
Cio 0,0915

C;: Population density, C,: Shopping malls, C3: Roads, C;: Income rates, Cs:
Transportation stations, C4: Petrol stations, C,: Park areas, Cg: Green areas,
Co: Slope, C;o: Land values

based on this mentioned approach. The detail formulation
of the TOPSIS method can be found in (Hwang, Lai, and Liu
1993). In this study, TOPSIS is used to rank the alternative
locations of electric vehicle charging stations.



Table 8. The weights of accessibility scenario.
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Table 9. Fuzzy scale.

Goal A Hierarchy B Hierarchy C w
A B, G 0,0605
G 0,1050
G 0,1835
Cy 0,0737
Cs 0,0459
Cs 0,1325
[ 0,0898
B, Cg 0,0915
B, Co 0,0544
Cio 0,1632

3. Results and Discussion
3.1. Identification of suitable locations

To determine suitable locations for electric vehicle char-
ging stations, a GIS-based MCDM approach is used by
applying the model that is explained in the methodol-
ogy section. In the model, while all spatial analysis pro-
cesses can be seen as yellow, all output data can be seen
as green. Suitability maps of all criteria that are obtained
after from reclassification phase are shown in Figures 9
and 10. It can be seen from these figures that while some
criteria, including C3 and C9 have more suitability, some
of them such as C2, C5, C6, C7, and C8 have less suit-
ability. This shows that suitability for charging stations
differs depending on different criteria. Thus, sub-
criterion scores in Table 1 have importance for the final
suitability index because of their impacts on each criter-
ion. All spatial layers have pixel values between zero and
five. This means that the standardization process is com-
pleted before WLC. By utilizing the mentioned model,
three different suitability indexes are obtained in this

Environmental Impact

Linguistic ~ scale  for Triangular fuzzy Triangular fuzzy reciprocal

importance scale scale
Just equal (1,1, (1,1,1)
Equally important (172, 1, 3/2) (2/3,1,2)
Weakly more important (1,3/2,2) (1/2,2/3, 1)
Strongly more important (372, 2,5/2) (2/5, 1/2, 2/3)
Very strongly more (2,5/2,3) (1/3, 2/5, 1/2)
important
Absolutely more (5/2,3,7/2) (2/7,1/3, 2/5)
important

research (Figures 11-13). As can be seen from figures,
the weights of criteria highly affect the suitability index.
The same pixel value classification is used to create an
electric vehicle charging station location suitability
index; otherwise, the trustworthy suitability results
could not be achieved. Figure 14 details the percentage
area values of all suitability classes in suitability indexes.
The figure shows that suitability classes have different
area values in the study area. From the figure, it can be
seen that while the environmental objective resulting
map has the most high suitable area class percentage,
accessibility objective resulting map has the greatest
suitable area class percentage. Furthermore, the environ-
mental objective resulting map has a maximum unsui-
table area class percentage. This can be stemmed from
the C8 having more than 50% weight in the environ-
mental impact scenario. Also, the FAHP resulting map
has the most low suitable area class percentage. The
change analysis is realized by means of the raster calcu-
lator tool in ArcMap in order to show this mentioned
differences in suitability class percentage. Figure 15 pre-
sents the map that shows the changes from accessibility

Accessibility

aCl mC2

C3 mC4 mC5 mC6 mC7 mC8

Co mC10

Figure 6. AHP weights according to scenarios, C;: Population density, C5: Shopping malls,Cs: Roads, Cy: Income rates, Cs: Transportation
stations, C4: Petrol stations, C,: Park areas, Cg: Green areas, Co: Slope, C;4: Land values.
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Figure 7. FAHP hierarchy of this study.

Table 10. The pairwise comparison matrix for FAHP.
(@ Q2 a c4 (& 6 c7 c8 9 c10 W

C1 (1,1, 1) (2/3,1,2) (2/3,1,2) (2/3,1,2) (1/2,1,3/2) (2/3,1,2) (2/3,1,2)  (2/5,1/2,2/3) (2/3,1,2) (1/2,2/3,1) 0,0951
2 (1/2,1,3/2) (1,1 (1/2,2/3,1) (1/2,1,3/2) (1/2,1,3/2) (2/3,1,2) (1/2,1,3/2) (2/5,1/2,2/3) (2/3,1,2) (2/3,1,2) 0,0887
G (1/2,1,3/2)  (1,3/2,2) (1,1,1) (1/2,1,3/2) (1/2,1,3/2) (1,3/2,2) (1/2,1,3/2) (2/5,1/2,2/3) (1/2,2/3,1) (2/3,1,2) 0,0929
C4  (1/2,1,3/2) (2/3,1,2) (2/3,1,2) (M1, 1 (1/2,1,3/2) (2/3,1,2)  (2/3,1,2) (2/5,1/2,2/3) (2/3,1,2) (2/3,1,2) 0,0983
(&) (2/3,1,2) (2/3,1,2) (2/3,1,2) (2/3,1,2) (1,1,1) (2/3,1,2) (2/3,1,2) (2/5,1/2,2/3) (2/3,1,2) (1/2,2/3,1) 0,0970
c6 (1/2,1,3/2) (1/2,1,3/2) (1/2,2/3,1) (1/2,1,3/2) (1/2,1,3/2)  (1,1,1)  (1/2,1,3/2) (2/5,1/2,2/3) (2/3,1,2) (2/3,1,2) 0,0862
7 (1/2,1,3/2)  (2/3,1,2) (2/3,1,2)  (1/2,1,3/2) (1/2,1,3/2) (2/3,1,2) (1,1, 1) (2/5,1/2,2/3)  (2/3,1,2) (2/3,1,2) 0,0964
C8 (3/2,2,5/2) (3/2,2,5/2) (3/2,2,5/2) (3/2,2,5/2) (3/2,2,5/2) (3/2,2,5/2) (3/2,2,5/2) (1,11 (3/2,2,5/2) (3/2,2,5/2) 0,1590
@ (1/2,1,3/2) (1/2,1,3/2) (1,3/2,2) (1/2,1,3/2) (1/2,1,3/2) (1/2,1,3/2) (1/2,1,3/2) (2/5,1/2, 2/3) (1,1,1) (2/3,1,2) 0,0921
c10  (1,3/2,2) (1/2,1,3/2) (1/2,1,3/2) (1/2,1,3/2) (1,3/2,2) (1/2,1,3/2) (1/2,1,3/2) (2/5,1/2,2/3) (1/2,1,3/2) (1,1,1)  0,0943

CR = 0.036, C;: Population density, C,: Shopping malls, C3: Roads, C,: Income rates,

Cs: Transportation stations, C4: Petrol stations, C,: Park areas, Cg: Green areas, Cy: Slope,

C;0: Land values

FAHP

ECl mC2 pC mC4 @C @C6 wC7 mC8 wCo mCio

Figure 8. FAHP weight ratios of criteria, C;: Population density, C,: Shopping malls, Cs: Roads, C4: Income rates, Cs: Transportation
stations, C4: Petrol stations, C,: Park areas, Cg: Green areas, Co: Slope, C;o: Land values.
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Figure 9. Criterion suitability maps of C;_g

objective result to FAHP result. The figure clearly shows
that Kadikoy has more suitability than other counties in
terms of accessibility objective. The change detection
analysis can contribute to understanding how to differ-
entiate the suitabilities depending on different objec-
tives. Figure 16 demonstrates the map that includes
the intersection of all results. In so doing, the high
detailed suitability index is obtained. The map algebra
is used when finding the intersection of different suit-
abilities. Specifically, the con tool in ArcGIS is exploited in
the spatial analyses. The figure shows that the resulting
map is mostly composed of no intersection areas. That is
to say, three suitability maps jointly include no intersec-
tion areas at most. Additionally, it can be seen from the
figure, Kadikoy county has high suitable areas

o i -

remarkably. Figure 16 also illustrates that high
suitable and suitable classes have more areas than low
suitable and unsuitable classes. This means that low sui-
table and unsuitable classes do not appear in different
suitability results commonly. Moreover, it can be seen
from figures between 11 and 13 that high
suitable classes dominantly located in all of the suitabil-
ity indexes.

3.2. Examination of alternative ranking

Alternative locations or points are determined in the
MCDM-based location selection studies. These alterna-
tives are ranked according to their final suitability index
values, i.e. their pixel values. In the TOPSIS method, the
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Figure 10. Criterion suitability maps of C,_;,,

criterion values of alternatives are obtained from their
pixel values in the relevant criterion map layer when
applying a GlIS-based approach. In this regard, the rank-
ing of alternatives that is obtained by using the TOPSIS
method is compared with the ranking that is got accord-
ing to pixel values in the suitability index. Accessibility
objective resulting map is used to realize this compar-
ison. Figure 17 shows the locations of alternative electric
vehicle charging stations. The alternative locations are
determined by taking resulting suitability pixel values
into account. Additionally, when deciding these loca-
tions, it is considered that alternative stations should
locate in proper distribution.

Table 11 lists the values of alternative stations in the
TOPSIS method. First, TOPSIS methodology is applied as
criterion weights are equal. Table 12 details the ranking of
alternative stations according to this consideration.
Second, the ranking of alternatives is obtained by using
criteria weights regard to accessibility objectives in Table 7.
Table 13 shows the ranking of alternatives that is attained
according to the mentioned assessment from TOPSIS

China Hong Kong), swistoy & OpensSieethap contbutors and th GIS User Commufiy
R - -
zloe

calculation. Lastly, the ranking of alternative stations is
determined by using their pixel values in the suitability
index.

From the chart, we can see that the ranking of alter-
natives changes in relation to different approaches
(Figure 18). However, the four alternative stations have
a matching rank in accessibility objective weighted
TOPSIS and pixel values approaches. Also, the five alter-
native stations have equal ranking for both weighed
TOPSIS and pixel value approaches.

The results of this study match up with a previous
study (Zhang et al. 2019) because both studies selected
suitable locations by taking accessibility into account.
So, it can be underlined that selected perspectives influ-
ence the suitability results significantly. For this reason,
holistic approaches that take different aspects into con-
sideration are important to actualize more functional
solutions for the dissemination of electric vehicles.
Furthermore, the present paper provides a high-
resolution solution to location selection of electric vehi-
cle charging stations as suggested in the previous study
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Figure 14. Percentage area values of all suitability classes.

(Dong et al. 2019). By applying the higher analysis reso- suitability of the application area. Nowadays, metropo-
lution, more detailed suitability results are obtained. lises can have unstable land uses; therefore, it is needed
Thus, the proposed approach could efficiently aid deci- for more elaborative location analysis results to make
sion-makers for prospective spatial plannings since it feasible decisions. Moreover, the results presented here
enables the comprehensive assessment of location are in line with former research (Erbas et al. 2018)
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Table 11. Alternatives’ values in respect to criteria on TOPSIS.

a @@ a3 ¢4 G 6 @7 @8 o o
AST 3 5 5 5 5 5 5 2 5 2
AS2 4 4 5 3 2 2 2 5 5 5
AS3 5 4 5 3 5 1 4 1 4 5
AS4 4 4 5 5 1 3 1 5 5 3
AS5 4 4 5 1 1 5 1 5 4 4
AS6 2 3 5 5 4 1 4 4 5 4
AS7 4 1 5 3 4 1 5 4 5 5
AS8 3 1 5 5 1 5 3 5 5 1
AS9 5 1 5 3 5 5 1 3 5 3
AS10 2 3 5 1 1 5 1 1 4 5

AS: Alternative Station

because the results of both studies show that suitable
locations can be found by using a GIS-based approach
and the weights of criteria alternate the final suitability.

4. Conclusions

In this paper, the approach that integrates GIS techni-
ques and MCDM method is presented to overcome the
location selection problem of the electric vehicle

29°5'E

29°10E

charging station. MDCM methods are used since the
location selection of the electric vehicle charging station
depends on different factors. Three different weights
related to determined criteria are calculated in order to
show that the weight of criterion affects to location
selection suitability. In this context, this paper has under-
lined the importance of determining the weights of
criteria because location selection suitability varies
regarding different weights. Moreover, the strong point
of our contribution lies in the intersecting of all different
location selection suitability indexes, unlike previous
studies. However, the area percentages of suitability
classes can be changed according to the study region.
Another significance of our work is related to the deter-
mination method of alternative stations’ ranking. It is
critical to note that the ranking of alternative stations
can change according to pixel values and TOPSIS
method. We have demonstrated that GIS techniques
are powerful tools for suitable location selection of elec-
tric vehicle charging stations. Besides, we have obtained

Table 12. Ranking of alternative stations according to equal weights.

AS1 AS3 AS6 AS7 AS2 AS4 AS9 AS5 AS8 AS10
Si+ 0,0385 0,0524 0,0496 0,0557 0,0527 0,0609 0,0624 0,0666 0,0676 0,0794
Si- 0,0837 0,0713 0,0667 0,0683 0,0618 0,0628 0,0635 0,0625 0,0625 0,0503
Ci 0,6852 0,5762 0,5735 0,5507 0,5395 0,5074 0,5045 0,4841 0,4803 0,3878
Rank 1 2 3 4 5 6 7 8 9 10




ANNALS OF GIS (&) 187

Table 13. Ranking of alternative stations according to accessibility weights.

AS1 AS2 AS5 AS3 AS10 AS6 AS7 AS4 AS9 AS8
Si+ 0,0465 0,0480 0,0504 0,0571 0,0615 0,0544 0,0621 0,0539 0,0631 0,0712
Si- 0,0780 0,0711 0,0739 0,0712 0,0717 0,0633 0,0707 0,0612 0,0601 0,0624
Ci 0,6265 0,5972 0,5945 0,5551 0,5382 0,5377 0,5326 0,5316 0,4877 0,4670
Rank 1 2 3 4 6 7 8 9 10

10

O

o

~N

[e)}

w

~

w

[

—_

| Accessiblity Weights

AS1 AS2 AS3 AS4 AS5 AS6 AS7 AS8

Figure 18. Ranking of alternative stations according to different approaches.

satisfactory results showing that GIS techniques are
effective decision support tools in order to solve differ-
ent urban planning problems. Furthermore, our proce-
dure can be applied to different study areas readily.

Finally, a number of potential limitations need to be
considered. First, the suitability that is found by using
the proposed approach can be tested with real, reli-
able station location data in future studies. Second,
the weights of criteria can be determined by benefit-
ting from surveys or experts. Last, the electrical
requirement context is not considered in this study.
Further studies could investigate the use of an open-
source web GIS approach in order to enhance the
presented solution in this paper (Mete, Guler, and
Yomralioglu 2018).
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