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Abstract: One of the solutions to reduce environmental emissions is related to the deployment of
electric vehicles (EVs) with sustainable energy. In order to be able to increase the number of electric
vehicles in circulation, it is important to implement optimal planning and design of the infrastructure,
with particular reference to areas equipped with charging stations. The suitable analysis of the
location of current electric vehicle charging stations (EVCSs) is the central theme of this document.
The research focused on the actual location of the charging stations of five major EVCS companies in
the province by selecting Istanbul as the study area. The study was conducted through a three-step
approach and specifically (i) the application of the analytical hierarchy process (AHP) method for
creating the weights of the 6 main and 18 secondary criteria that influence the location of EVCSs;
(ii) a geospatial analysis using GIS considering each criterion and developing the suitability map for
the locations of EVCSs, and (iii) application of the technique for order preference by similarity to
ideal solution (TOPSIS) to evaluate the location performance of current EVCSs. The results show that
the ratio between the most suitable and unsuitable areas for the location of EVCSs in Istanbul and the
study area is about 5% and 4%, respectively. The results achieved means of improving sustainable
urban planning and laying the basis for an assessment of other areas where EVCSs could be placed.

Keywords: sustainable transportation; electric vehicle charging station; multicriteria decision
analysis; GIS

1. Introduction

The growing demand for transport in the world has recently been the subject of
numerous studies aimed at improving modal choices and reducing environmental and
socioeconomic impacts. A great deal of energy (non-renewable energy) is consumed in the
course of transport activities. In 2016, global energy consumption rates recorded a 26%
share related to transport sector [1,2].

Their GHG impact is about 16.2% [3]. By 2020, these rates have risen to 20.6% with a
further increase forecast [4,5].

Recently, the COVID-19 pandemic has changed transport choices in many countries
by reducing the public transport choice due to social distancing and possible contagion.
Overcoming the negative environmental impacts is a major challenge.

All nations have put in place a number of strategies to reduce environmental pollution
and climate change. Various protocols and agreements have been made on an international
scale to determine the responsibilities of all countries in the fight.
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The Kyoto Protocol, the Montreal Protocol, and the Paris Agreement are examples of
such agreements [6,7]. Furthermore, in the European Union’s “Green Deal” programme,
the aim is to reduce the European GHG to zero by 2050 [8].

The 2030 Agenda includes issues that UN member states have to implement on
climate change until 2030 [9]. Moreover, in recent years, some studies of new technologies
and applications have been conducted to reduce environmental pollution caused by the
transport sector. These are generally referred to as sustainable transport practices.

The most important of these applications are electric vehicles (EVs) [10] car-sharing
service [11], encouragement of public transport [12], bicycle use and sharing [13], e-scooter
diffusion, congestion pricing [13-16], as well as electric drones (used as delivery vehicles in
light freight transportation) [17,18]. In addition to the implementation of sustainable plan-
ning, the post-pandemic transport sector will also need to be resilient in order to quickly
mitigate possible criticalities related to a future pandemic or catastrophic events [14,15].
Several studies confirm that the increase of electric fleets and the abandonment of com-
bustion engine vehicles will bring benefits and can be an easily implemented strategy [16].
The spread of electric vehicles will make an important contribution to the process of de-
carbonisation, which is an important step in the fight against climate change [8]. Electric
vehicles have advantages in terms of both environmental and noise pollution. Currently,
electric vehicles also have some disadvantages such as range, charging time, and lack of
infrastructure [19]. This situation shows that electric vehicles are more suitable for urban
use. The biggest obstacle to increasing the use of electric vehicles in cities is the lack of
charging infrastructure (EVCS). Unlike combustion-powered vehicles, electric vehicles
can be recharged while parked, although a certain amount of charging will always be
needed en route. It is, therefore, useful to help the deployment of charging infrastructure
to bring value to all stakeholders, increasing the usability reducing costs, and in particular
considering the following;:

Drivers will benefit from convenient and timely charging, and decreasing waiting time;
Optimal location of the charging station will also result in lower charging costs;
The operators of the charging points will achieve higher and more predictable use of
their resources and lower network connection costs;
Investors receive higher returns on their investments and reduced risk;
Distribution system operators will have a better prediction of the likely distribution
of charging infrastructure on their system and the resulting load, allowing them to
improve their network investments;

e  Utilities/aggregators will be able to offer more valuable services to their customers
and the network if more vehicles are connected more often;

e  Car manufacturers will also have a better forecast of the likely distribution of chargers
and will have more satisfied EV customers and optimal e-mobility related services
leading to more EV sales.

An effective methodology for reducing this bottleneck will have to take several criteria
into account and will have to consider current possibilities and limited budgets. Such a
methodology should evaluate several criteria and analyse the location of these areas by
means of geospatial analysis, selecting the most suitable areas.

The multicriteria approach makes it possible to investigate different main and sec-
ondary factors that may influence the implementation of EVCSs. A multicriteria approach
was carried out by basing it on a geographical information system and investigating the
location of existing recharge areas. In recent years, this approach is used in several areas.

The study aims to promote a methodology that allows for a better diffusion of electric
vehicle recharging areas by minimising disadvantages and examining the current situation
and the related problems related to the general diffusion of electric vehicles, recharging
time, infrastructure efficiency, etc. From the first methodological phase of determining the
criteria and their weights, the second phase consisted of geospatial analysis using GIS and
the creation of suitability maps from which the performance scores of the current EVCSs



Energies 2021, 14, 2756

3of21

were obtained, and the process of evaluating the stations was carried out using the TOPSIS
technique, as described in Figure 1.

Step 2

| Determination of criteria
| affecting the performance
| evaluation of EVCS locations

(
! i Creating the criteria layers
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| normalization / classification,
| weighted overlay

Evaluation process

Figure 1. Steps of analysis and the related short descriptions.

2. Literature and Methodological Review

The sustainability of mobility systems is one of the recent topics that allow us to
investigate different forms of mobility by promoting those that allow a lower environmental
and psychosocial impact.

The use of green forms of energy instead of traditional fuels, the spread of shared
mobility (shared mobility or demand responsive transport) for medium-long distances,
and walking for short distances can be low impact choices to be implemented in the coming
years in compliance with the concept of decarbonisation.

The study of e-mobility and infrastructure is a charging theme linked to numerous
researches that aim to improve the service and infrastructure and increase demand through
a bottom-up approach, i.e., by investigating the population and analysing the criticalities
related to the implementation of an e-mobility system.

The spread of electric vehicles in their various technological forms will, in the near
future, be one of the key measures to reduce air pollution, especially in urban areas. The
COVID-19 pandemic has led to the need to rethink public spaces and transit areas. The
design of multimodal transit areas and public transport stations is one of the priorities of
the city of Istanbul, an area investigated in this paper. In Istanbul, the number of private
car trips was 4.2 million in 2009, and it is expected to reach 11.1 million in 2023 due to the
increase in car ownership. In addition, the demand for public transport is lower than in
other developed countries [20]. Some government actions can encourage the use of public
transport by reducing car dependency. An improvement in terms of environmental impact
is produced by the introduction and subsequent increase of electric vehicles in public and
private transport fleets. Research on shared mobility in Istanbul shows that it is necessary
to improve the infrastructure and services for both bike and car sharing. At the same time,
the introduction of demand-responsive mobility (DRT) could discourage the use of private
cars, especially in areas with low transport demand. The electrification of these modes
of transport, therefore, could further improve the fluidity of vehicular traffic and require
improved recharging areas. The creation of a reliable electric recharging infrastructure
with a sufficient presence in the city context is vital to the massive deployment of electric
mobility, both in its physical and ICT aspects. Moreover, the current autonomy limits
of the purely electric vehicle (PEV) are well suited to its use in the urban context: there
is in fact a strong presence of users with low daily mileage (home-work trips, typically
within 10-20 km per day) that could convert to electric mobility if the following important
conditions are met:
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e  Availability of charging points other than home charging on private and public land
(public and company car parks, supermarkets, railway stations, traditional service
stations that have also been converted to electric mobility) with the possibility of slow
and fast charging;

Availability of multistandard charging systems open to different suppliers;
Encouraging actions by local authorities (free parking, exemption from road pricing
systems, use of reserved lanes);

e  State encouragement (economic incentives, tax exemptions).

Several factors contribute to the plan and design of an electric mobility service and
infrastructure; therefore, several studies in the literature focus on multicriteria analysis.

The location and characteristics of the charging stations must meet several require-
ments: they must logistically significant locations, but they must also be connected to a
distribution network node that is adequate to meet power. In suburban areas, a distance
criterion is generally assumed (the maximum distance between two charging stations must
be kept within fixed limits). Rational urban planning should allow the optimisation of
the position and relative “size” or energy commitment of charging stations. The problem
of how to deal with the lack of charging infrastructure is much discussed in the scientific
literature, in which the presence of strategic errors in infrastructure planning is often
detected. The use of MCDA multicriteria analysis based on GIS data for the identification
or characterisation of sites has been reflected in several studies in the literature. The present
study applies these investigation steps to the dislocation of EVCSs. In particular, Feng et al.
combined the MCDA method and the linguistic entropy weight (LEW) method to evaluate
the optimal position of EVCSs in the Chengdu Region, considering 5 main criteria and
13 subcriteria. LEW method was applied for weighting criteria, while the axiomatic fuzzy
design method was applied for the selection of the best position of 12 alternative EVCSs.
This study was performed due to a sensitivity analysis conducted to test the accuracy and
effectiveness of the study [21].

In the study conducted by Wu et al., 5 main criteria and 16 subcriteria were included
in the site selection study of six potential EVCSs for dense residential communities in
the Beijing Region. While triangular intuitionistic fuzzy numbers were used to weigh
the criteria, a fuzzy “Vlsekriterijumska Optimizacija I Kompromisno Resenje” (Fuzzy-
VIKOR) approach was used in the EVCS evaluation process [22]. Erbas et al. evaluated
12 current and alternative EVCSs in the Ankara Province, the capital of Turkey. For this
process, 3 main data frames and 15 subcriteria were created. The criterion weighting
process was performed with fuzzy AHP and TOPSIS was used to evaluate EVCSs [19]. Gan
et al. examined the genetic algorithm of fast charging stations distribution by efficiently
determining the optimum locations of fast charging stations and considering the charge
demand in a stochastic manner [23].

Kabak et al. studied the selection of the site where bike-sharing stations are a means
of transport that can be a solution to traffic congestion and environmental concerns. GIS-
based MCDA methods were used to compare current and alternative bike-sharing stations
for Izmir, considering 3 main criteria and 12 subcriteria [24]. Lin et al. evaluated sharing
stations in the Beijing Region for car-sharing services, which they consider effective support
for public transport. Eight criteria that influence the location of the stations were considered.
Evaluation of five candidate stations planned to be located in public transport areas was
performed with extended MULTIMOORA [25].

Today, site selection has continued in a popular way. Due to energy consumption
and environmental concerns, sustainable transportation practices have been frequently
included in studies in recent years. Examining the monitored site and selecting the relative
sustainable parameters and criticalities, the research considers the sub-criteria defined in
Table 1.
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Table 1. Overview of site selection studies on EVCSs.

Study Area N Sub-Criteria Applied Methods EVCS Location Ref.
Beijing 15 ANP-PROMETHEE General locations analysis [26]
) The most suitable locations considering
Tianfu 14 Entropy-ELECTRE 6/30 alternatives [27]
Valencia 5 Genetic Algorithm-Multi Agent Systems Estimation of the best configurations [28]
N Fuzzy Grey Relation Analysis-Fuzzy Empirical study of five
Tianjin 13 VIKOR-Entropy alternatives locations [29]
Dynamic Clustering-Barycentric Managing the location of the e-taxi
Chengdu a Method charging station [30]
N Robust Optimisation Optlrmsa.tlon of location reducing
Empirically b Algorithm-Queuing Theor construction costs and the number [31]
& g Theoty of EVCSs.
Fuzzy AHP-Grey Relational Projection o .
Beijing 14 (GRP)-Picture Fuzzy Weighted Op“m;i‘;:;%rl‘eagiastierfhon of [32]
Interaction Geometric (PFWIG) ’
Seoul c Maximum Set Covering Model Optimisation of location using data for [33]
one week.

Optimisation of location considering
Beijing 1 Fuzzy TOPSIS four alternative EVCSs. 341

. Optimisation of location considering
Tehran 10 Bayesian Network four alternative EVCSs. [35]

. Comparative analysis considering the
Beijing d Mathematical Models actual 40 public charging stations. [36]
istanbul 9 WASPAS-TOPSIS A simple approach model is proposed [37]

to evaluate four car-sharing stations.

2 Global position system, b uncertainty of charging demand, € taxi travel patterns data, d yehicle trajectory data of taxis.

Nevertheless, the planning of recharging infrastructures must necessarily take into
account a number of constraints (such as the interaction of such infrastructure with the
territorial electrical system, the actual conformation of the territory, national and the actual
shape of the territory, national and EU electricity policies, etc.).

3. Materials
Mathematical, statistical models, MCDA techniques, and optimisation methods have

been generally used in the current studies on site selection. However, only using these
methods/techniques in site selection studies conducted is considered insufficient. In the
aforementioned studies, using programmes that provide capability spatial analysis and
MCDA methods together provides an effective solution.

Some studies conducted with the GIS-based MCDA approach are references [38,39].
Lack of spatial analysis in EVCS site selection problems and not detailed analysing the
current situation is a big gap.

This study aims to fill this gap in EVCS site selection studies. For this, the GIS-
based MCDA approach was preferred in the location assessment of current EVCSs. Since
evaluating station location is a site selection problem, many criteria should be taken into
account. In this study, while AHP and TOPSIS from MCDA methods were used, ArcMap
10.6 software was used for geospatial analysis.

The contribution of the study to the literature is given below.

e  GIS-based MCDA approach was proposed to determine the performance values of
current EVCSs. Thus, the lack/need of spatial analysis in the studies in the literature
was eliminated.

e  When previous studies are examined, it is observed that the evaluation criteria are
limited. However, the locations of EVCS in charging service are directly related to mul-
tiple factors such as energy, environment, transportation, economic and geographic. A
comprehensive criterion pool was created for being the correct of EVCSs’ performance
evaluation in this paper.
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e  As the novelty of the study, the current infrastructure of electric vehicles, which
is the most popular transportation application, is examined both sectorially and
scientifically.

e  The number of stations considered in earlier studies is quite low. This situation
indicates that the study area is not analysed completely, and the station analyses are
not valid. Therefore, the accuracy and validity of the performance evaluation of all
EVCSs (including individual EVCSs) were provided by analysing the metropolitan
city such as Istanbul as a whole.

e  The biggest obstacle to the dissemination of EVs is undoubtedly the charging infras-
tructure. By examining the suitability map, it can be ensured that current stations
are used effectively with the relocation of the stations in unsuitable areas to the most
suitable areas.

e  This study is a guideline for current and potential service providers with the determi-
nation of the most suitable areas for EVCS locations.

e  Suitable areas will be classified among themselves in the suitability map. Thus, being
testable of the station evaluation will be ensured.

3.1. Study Area

Istanbul has one of the largest populations in Turkey; in fact, it is ranked in the top 15
in the world in terms of population [40]. Due to the high population, mobility in the city is
quite high. There are 4,187,776 motor vehicles in Istanbul and constitute approximately
20% of the number of motor vehicles in Turkey [41].

This situation has very devastating consequences for the environment and traffic.
Istanbul ranks the first city in Turkey and 26th in the world in terms of carbon footprint [42].
It is possible to solve environmental impacts and traffic problems under the same denomi-
nator with sustainable transportation practices. In the automotive industry, there has been
a great trend towards EVs in the last decade.

However, the amount of EVs sales in Turkey are not conducting a parallel process
with the world. The main reason for this is insufficient charging infrastructure.

Although Istanbul is the province where EVCSs are most operated, there are only
294 stations (most of them for individual and restricted usage). Current EVCSs may
meet the needs of existing EVs, but it is clear that this number will be insufficient with
the transition of conventional vehicles to EVs and the increase in the number of EVs.
Furthermore, many of the current EVs in Turkey are located in Istanbul such as those
shown in Figure 2 below.

o “fg"fiz .

fistasvonu )
o

S
R
-«

Figure 2. Examples of EVCSs in Turkey.

Therefore, in this study, Istanbul was selected as the study area and the charging
station locations of five EVCS companies in Istanbul were evaluated. The study area is
presented in Figure 3.
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Figure 3. Study area.

3.2. Some Considerations on the Economics of Recharging Electric Vehicles in Turkey

Over the years, numerous charging stations have been deployed in Istanbul as well
as in other large cities such as Izmir and Ankara. Currently, 1169 electric vehicles and
582 charging stations have been registered in Istanbul, but this number is set to increase.
Local governments and industries predict an almost 30% increase in electric vehicle sales
by 2030 in order to ensure global decarbonisation targets.

From an infrastructural point of view, it is found that in some cities of Turkey, the
parking spaces and EV charging spaces are located between municipal parking lots and
between private ones. In addition, many shopping centres have charging stations within
their car parks and near places of attraction such as hotels, schools, etc.

Figure 4 represents the number of EVCSs in Turkey. Some studies have also focused
on Turkey’s nuclear energy policy as an alternative to the country’s rapidly increasing
electricity consumption [43].

Therefore, the following is a brief analysis of the cost of charging to the user and then
the cost of implementing charging stations.

In particular, a brief comparison between countries shows that the cost in Turkey is
among the lowest, as defined in Table 2.

Table 2. Comparison of costs related to charging station [44].

Cost per KWh  Cost per Charge  Cost per 10 Miles  Cost per 100 Miles

(EUR) (EUR) (EUR) (EUR)
Turkey 0.075 7.48 0.18 1.85
us 0.137 13.69 0.34 3.38
UK 0.149 14.87 0.37 3.67
Italy 0.141 14.11 0.34 3.49
Australia 0.171 17.14 0.42 4.23
Japan 0.199 19.91 0.50 491

To calculate the cost of charging electric vehicles, average electricity charges per kWh
were obtained from the World Bank. For Tesla Model S, charging costs have been found
considering the maximum battery capacity. It is then divided by 405 (Tesla Model S’s range)
to obtain the costs in miles. Electric vehicles should be placed within the 30, 35, 40, 45,
and 50 km range depending on infrastructure conditions [45]. This paper shows that the
national average for installing a standard EVCS ranges from US Dollars (USD) 456 to USD
1072, while the median cost is USD 760 each. The prices of the stations alone range from
USD 400 to USD 2000, depending on whether a level 1 or level 2 is chosen. An EVCS costs
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USD 750 or USD 250 to USD 1900. An EVCS, a type of electric vehicle power equipment
(EVSE), is available in both portable plug-in styles and direct-wire units.

1 000

_

Number of charging station:s

® Normal Charge @ Fast Charge
(<=22kW) (>22kW)

Figure 4. Number of electric vehicle charging stations in Turkey, by type [46].

Recently, a new action plan, including tax incentives, was announced by the govern-
ment to encourage the use of electric vehicles in Turkey [47].
The obstacles to the use of EVs for users are as follows:

e Charging stations—Charging station infrastructure is not disseminated throughout
the country;

e Legislation—There is no needed legislation on the use of EVs in Turkey and there is
still more uncertainty on this issue;

e  Taxes—Taxes on vehicles are quite high in Turkey. Although there is a tax incentive in
EVs, the purchase cost is still not at acceptable levels;

e  Promotion—Potential users are not provided with enough information about EVs.

Several research studies focused on defining the knowledge gaps, barriers, and op-
portunities in the development of charging infrastructure were identified and analysed
by some scientific works promoting the development of public charging infrastructure
and analysing more the impacts of customers’ psychological factors and on the technical
development of charging infrastructure and EV batteries. Government supports have been
shown to be important for EVs. Therefore, more attention should be paid in terms of the
incentives and recommendations of government policies on charging infrastructure prob-
lems. Additionally, charging cost is an important factor to be considered in the planning
process of charging infrastructure [48,49].

3.3. Definition of Criteria

The criteria affecting the performance evaluation of EVCS locations were determined
with the help of the literature and the advisory board consisting of academicians/experts.

Academicians refer to the authors of the paper, and experts refer to charging station
service providers and transportation engineers who are experts in their fields.

The determined evaluation criteria were categorised under six main headings, based
on the recommendations of the advisory board, and consist of 18 sub-criteria in total. Thus,
a large criteria pool is obtained for the evaluation of EVCS locations.

While 16 criteria are used in the spatial analysis process, all criteria are included in the
performance evaluation of the stations.

The purpose of use, data source, brief explanations, and the spatial analysis types
applied are given in Table 3. Comprehensive information on the criteria can be found in
this table.
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Table 3. The background of each criterion.

Main Criteria Sub-Criteria Descriptions References
Cl1 Service Capacity Status and number of available sockets at stations. This
' situation affects the service capacity of the station.
Properties of Station Charging fcime, speed at sta.tions, and fast charging
Cl12 Charge Power statgs. This affec’c.s the §erV1ce.performance of the
stations, as electric vehicles will be produced with the
fast-charging option.
Electrical Distance and proximity to substations. Proximity to the
Cc21 Substati electrical substation is effective in meeting the energy [19,26,29,50]
ubstation .
Energy/Power demand of the stations. N o
Source of Influence of operating costs. Siting the stations in
C2.2 Renewable regions where the availability of renewable energy [30,33,51]
Energy resources is important in terms of operating costs.
C31  PopulationSize vehicle ownership and e-mobility demand. The [26,29,32,34,52]
population size is linked to electric vehicle ownership.
Social and Public Potential e-mobility demand and habits. Considering
C3.2 A that, people often spend time in these areas; the [30,50]
reas ) L
potential demand for charging is high in related areas.
Environmental / . . Attractivene.ss of. the area. It éffects .EVCS locations due
Urbanity C3.3 Tourism Region  to the charging time of electric vehicles and the travel [53-56]
situation to these areas.
Timeliness of the maintenance service. To provide
C3.4 Service Centre uninterrupted service at the stations, rapid intervention
is required in case of malfunction or maintenance.
Environmental Environmental damage caused by energy consumption.
C3.5 . Electric vehicles should be disseminated and [35]
Pollution ) . 11 .
encouraged in regions with high emission values.
Protection of green area. To protect green areas, regions
C4.1 Woodland far from these regions should be preferred where EVCS [19,27,32,34]
is located.
Aquatic Wa’Fer resources protectior}. To protect water resources,
Physiographic C4.2 Resources regions far from these regions should be preferred [19,27,35]
where EVCS is located.
Plano-altimetrico development of the infrastructure
c43 Slope of Land Considering the operating and copstruction costs, [19]
areas where the slope percentage is low should be
preferred for EVCS sitting.
The income level of people influences the ownership.
C5.1 Income Rate Electric vehicle ownership is generally concentrated in
high-income regions.
It is suitable for the e-mobility trend. It is predicted that
Financially C5.2 Motor Vehicles the rate of electrification will be high in regions where [30]
the number of conventional motor vehicles is high.
It influences transport demand /supply. The need for
C5.3 E-Vehicles charging is high in areas where electric vehicles [27,29]
are intense.
Co.1 Road Networks OPeratiqn efficiency of EVCSs close to road networks [19,30,33,57,58]
will be high.
C6.2  Intersection Area  Operational efficiency and accessibility. [17,55]
Transportation Parking lot and garages in the service area. When the
C63 Parking Spaces charging time is considered in the suitable siting of [56,57,59—61]

EVCSs, the parking spaces used intensively by the
vehicles affect the EVCS locations.

Some of the criteria have also been used in previous studies. However, other criteria
were used for the first time in this study by considering the opinions of experts and authors.
Literature sources of the criteria used in the study are presented in Table 3. The criteria
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used frequently in the literature have been proven their usability and suitability in EVCS
site selection studies.

The most used criteria in the site selection of EVCSs are generally population, road
networks, and parking areas.

Thus, a comprehensive framework with 18 sub-criteria was created for the perfor-
mance evaluation of EVCS.

4. Methods

Several simulations were carried out comparing the results obtained after the appro-
priate calibration and data processing steps. In recent years, GIS and/or MCDA methods
have been used frequently in solving site selection problems.

Since the process of determining and evaluating the locations of EVCSs is a site
selection problem, the GIS-based MCDA approach was used in this study. AHP is preferred
for the criteria weighting process, while the TOPSIS method is used in ordering decision
alternatives. Geospatial analysis of the criteria was carried out via GIS. Brief descriptions
of these methods are mentioned in this section.

4.1. Analytical Hierarchy Process (AHP)

Thomas Saaty developed AHP in 1977 for the solution of complex problems with
multiple criteria [62]. In other words, Saaty defined AHP as a linear weighted method [63].
To implement this method correctly, a hierarchical structure must be established. This
structure consists of the purpose, main criteria, and subcriteria in the decision-making
process. AHP has many advantages besides its ease of application. Readers can access
detailed information about these advantages from Refs. [64,65]. AHP is frequently used
in many areas such as transportation, energy, environment, and management [66-73]. In
comparing the decision alternatives, each criterion was evaluated separately, and pairwise
comparison matrices were created. It is necessary to perform n(n — 1) /2 comparisons when
there are n elements. The Satty [1-9] scale is used in pairwise comparison matrices [74].
As a result of these matrices, criterion weights are obtained and the consistency ratio (CR)
value is calculated to measure the consistency of AHP. The CR value must be less than 0.1.
Otherwise, the pairwise comparison matrices are invalid and must be rebuilt. It is the most
important parameter proving the validity of AHP. The total weight of criteria must be one.

4.2. Geographical Information Systems (GIS)

GIS is the systematic integration of hardware, software, and expert personnel for the
purpose of obtaining, storing, updating, processing, analysing, and presenting of different
types spatial data [75]. Thus, many users can perform geographic data analysis. In addition
to its positive effect on labour, time, and cost, this situation provides an advantage to
decision-making mechanisms in long-term investments and planning strategies. Due to
this capability, it is frequently used in the solution of site selection problems, especially in
recent years [76-82].

There are different types of data and information on GIS, such as vector-based geo-
graphic, raster, mixed, and textual data. To use these methods successfully, it is directly
related to the fact that the data to be processed have been well analysed by the experts of
the subject and their accuracy rates.

4.3. Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS)

TOPSIS was developed by Hwang and Yoon in 1980 to rank the decision alterna-
tives [83]. Ease of use, simplicity of understanding, and interpretation can be defined
as the advantages of TOPSIS. There are six process steps in the implementation of this
method. The most important process step of the method is the correct creation of positive
ideal solution (PIS) and negative ideal solution (NIS) clusters. The basis of the method
is based on relative closeness to PIS and NIS values. While the TOPSIS method reveals
the distance of decision alternatives to PIS and NIS values, it also determines ideal and



Energies 2021, 14, 2756

11 of 21

nonideal solution sets [83]. Determining the benefit—cost aspects of the evaluation criteria
is another important step. In this method, the lowest value for cost-type criteria, and the
highest value for benefit-type criteria, is determined as the best criterion. TOPSIS method
is frequently used in studies in many different fields [84-90].

5. Results

In this section, a GIS-based MCDA model is developed to solve the site selection
problem of current EVCSs. The model consists of three steps: determination of criterion
weights, spatial analysis process, and comparison of decision alternatives. In addition,
sensitivity analysis was performed to test the usability of the criteria.

5.1. Analysis of AHP

A decision-making team consisting of academicians was established to weigh the
criteria. The decision-making team consists of two academics in the transportation depart-
ment (Prof. and Assoc. Prof.), one in the urban planning department (PhD), and one in the
electricity department (PhD). The Saaty scale is used in the creation of pairwise comparison
matrices [1-9]. Then, the normalisation process was conducted and the consistency ratio
(CR) of the pairwise comparison matrices was obtained using Equation (1). The average
CR obtained in this study is 0.0172. The random index (RI) value in the CR formulation is
limited to 15 criteria by Saaty. Since 18 evaluation criteria are used in this study, Equation (2)
developed by Reference [91] is used for RI value. The parameter n in Equation (2) expresses
the number of criteria. The RI value obtained from Equation (2) is used in Equation (1).
The Ayqx value expressed as “eigenvalue” is used to calculate the consistency index (CI)
value. The value of Ay is calculated from Equation (3).

Criteria weights obtained as a result of pairwise comparison matrices are given in
Table 4.

CI
CR=— 1
RI M)
RI (n) = 0.001491° — 0.05121n1> + 0.59150n — 0.79124 (2)
1 n Z’?:l aij * '(/U]
A = — % —= 7 J 3
Table 4. The weights of evaluation criteria.
C1 C2 C3 C4 C5 Ce6
Properties of Stations  Energy/Power Environmental/Urbanity Physiographic Financially Transportation
C1.1 0.0829 C2.1 0.0219 C3.1 0.0726 C4.1 0.0313 C5.1 0.0357 Co6.1 0.0507
C1.2 0.0792 C2.2 0.0215 C3.2 0.0765 C4.2 0.0288 C5.2  0.0469 C6.2 0.0409
C3.3 0.0168 C4.3 0.0193 C53  0.1215 C6.3 0.1280
C34 0.0145
C3.5 0.1108
Total 0.1621 0.0435 0.2912 0.0794 0.2041 0.2196

When the criterion weights obtained are examined, the order of importance of the
main criteria is C3, C6, C5, C1, C2, C4. The three most important criteria according to
the importance of the sub-criteria are C6.3, C5.3, and C3.5, and the three least important
criteria are C4.3, C3.3, and C3.4.

5.2. Analysis of GIS

Transferring the criteria data to the GIS environment is very important in terms of
the robustness of the study. The accuracy, reliability, applicability, and testability of the
criterion data and resources directly affect the process of the study. For this reason, the
authors were sensitive about this issue.
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Analysis types to be applied to the criteria were determined based on the literature
review and the experiences of the authors and are presented in Table 3. Readers can find
detailed information about the analysis types used in site selection from [92-94].

The GIS process consists of five steps: transferring the criteria data to the program,
spatial analysis, normalisation, reclassification, and weighted overlay. It is aimed to ensure
the integrity of the criteria by performing the normalisation process between [0,1] range.
Normalisation maps of 16 criteria considered in the GIS process are given in Figure 5.

<)
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Legend Legend

o Social and Public Areas

©  Service Centers

Legend
I woodiand

Legend

Aquatic Resources
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Road Network
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©  Parking Space

Figure 5. Normalisation maps of 16 evaluation criteria.

In normalisation maps of C3.3 and C4.3 criteria, dark green areas represent suitable
areas, and light green areas in all other normalisation maps indicate suitable areas. A
reclassification analysis, which is vital in determining the most suitable areas, is before the
overlapping process.

After this process, weighed overlay analysis was carried out with the criterion weights
obtained from AHP, and the suitability map for EVCS is presented in Figure 6.
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Figure 6. Suitability map for EVCSs.

Dark red areas on the map represent the most suitable areas for EVCS sites and are
divided into 10 classes in total. As clear from the suitability map, it is observed that the
suitable areas for EVCSs are in the south-east on the European side and in the south-west
on the Anatolian side.

Moreover, the results show that the ratio of the most suitable and unsuitable areas
for EVCS sites in Istanbul to the study area is approximately 5% and 4%, respectively. In
all spatial analysis, each pixel represents 900 m? (30 m x 30 m) area, and natural breaks
(Jenks) are used as the classification method.

5.3. Analysis of TOPSIS

Performance evaluation analysis of current EVCSs was carried out via TOPSIS and
this stage constitutes the last step of the study. The first step of the TOPSIS process is to
determine the cost-benefit aspects of the criteria. Accordingly, while C2.1, C3.2, C3.3, C3.4,
C4.3, C6.1, C6.2, and C6.3 of the 18 criteria are cost aspects, and the remaining criteria
are benefit aspects. A decision matrix was created using performance values obtained
from GIS (excluding C1.1 and C2.1). Performance values of the C1.1 and C2.1 criteria were
collected from EVCS service companies.

The decision matrix is normalised, and a weighted standard decision matrix is created
using the criterion weights. In the final evaluation process of TOPSIS, the performance
ranking of the current EVCSs was performed by considering ideal and nonideal solutions.
The evaluation of the stations that have the best and the worst performance values was
conducted for the 10 classification regions in the suitability map.

The purpose of this is to provide objectivity by evaluating the suitable area class
within itself. There are 144, 75, 35, 20, 13, 5, and 1 current EVCS, in the first, second, third,
fourth, fifth, sixth, and seventh classes in the suitability areas, respectively. The ranking
results obtained are given in Tables 4 and 5. The ranking of the 20 best and worst current
EVCS locations for the first and second classes suitable areas are given in Table 5.

Performance ranking of each current EVCS was realised by ranking as from large to
small the relative closeness (RC;F) to the PIS.

The Euclidean distance between the target alternative and the best/worst alternative
is calculated at Equations (4) and (5). After the relevant values are calculated, RC;r is
calculated using Equation (6).

4)
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Table 5. Ranking of 20 best and worst current EVCSs in first and second classes.
EVCS G23 E45 SVO0 748 E55 Z0 718 Z19 721 SV105
The top 20 in RC,«+ 0.5687 05593 0.5486  0.5246 0.5205 0.5002 0.4680 0.4645  0.4437 0.4427
first class EVCS SV51 E18 E46 S90 E17 722 E47 G35 E51 E53
RC1.+ 0.4419 04335 04322 04256 0.4242 04223 04182 04143  0.4109 0.4109
EVCS SV32 Gl6 G43 E49 Sv78 E39 731 SV58 SV92 G27
The top 20 in RCi+ 0.5031 04693 04592 04367 04330 04320 0.4181 0.4065 0.4016 0.4012
second class EVCS 746 730 Z15 Z12 SVv82 Sv47 747 E66 735 SV38
RCi+ 0.3907 03860  0.3841 0.3680 0.3674 0.3672  0.3532 0.3399  0.3335 0.3328
EVCS SV40 E2 G2 SV37 G10 E20 SV15 745 SV93 SV28
The bottom 20 RCI.Jr 0.2316  0.2251 0.2238  0.2211 0.2211 0.2211 0.2192 02139  0.2088 0.1996
in first class EVCS SV20 Gl14 E40 E10 SV86 SV62 739 SV3 SV23 741
RC1.+ 0.1914 0.1832 0.1816 0.1777  0.1658  0.1646  0.1428 0.1385  0.1385 0.1054
EVCS E33 G15 760 742 E59 E60 G12 E63 E64 E22
The bottom 20 RCI-Jr 0.2522 02489 0.2435 0.2373 0.2323  0.2229 0.2213 0.2206  0.2206 0.2172
in second class EVCS Z13 SV52 763 SV29 G13 E23 G25 SVo4 761 G40
RCl+ 02122 02109  0.2092  0.2031 0.2026 0.2019  0.1993  0.1860  0.1664 0.1378

Z: ZES, E: Esarj, SV: Sharz-Voltrun, G: G-Charge.

Table 5 shows that the current EVCS position with the highest performance value for
the first class is G-Charge23 and the lowest for ZES41. Likewise, for the second class, the
best station is Sharz-Voltrun32, and the worst station is G-Charge40. The ranking of the

other classes is given in Table 6.

Table 6. Ranking of best and worst current EVCSs in, third, fourth, fifth, and sixth classes.

Rank 1 2 3 4 5 6 7 8 9 10 11 12 13

EVCS G422 G7  Sl113  Zed 769  Z62 759  Z11  E6  Z65 SV79 SVI0S  E25

RCS 05161 04367 04320 04181 03907 03860 03841 03680 03532 03335 03326 03311 0.3208
hipg ROk 14 15 16 17 18 19 20 21 2 23 24 25 2

EVCS G32 G31 SV99 SVil2 Z10  Z67  E28  Z66 SVs4 E32  SVs7  E7 768
class  per 03145 03143 03135 03100 03076 02958 02689 02649 02602 02560 02522 02435 0.2373

Rank 27 28 29 30 31 32 33 34 35

EVCS G20 G29 G33 G4l SV24 758  E24  SV55  E8

RC 02323 02229 02206 02206 02172 02122 02092 02019 0.1664

Rank 1 2 3 4 5 6 7 8 9 10 11 12 13

EVCS G2 SV22 G26 E29  E5 G2l SVZ1 Gl SVel SV83 SV87  G28 78
fourth RCS 05113 04821 03312 03132 02804 02662 02479 02290 02289 02278 02113 02086 0.1983
class Rank 14 15 16 17 18 19 20

EVCS SV95 G8 75 SV39  E26  E2 GO

RCS 01943 01918 01868 01784 01595 01515 0.1443
, Rank 1 2 3 4 5 6 7 8 9 10 11 12 13
fifth  pycs E30  E31 G3 SVIOO SVIO7 SV26  SV27  Sv4  SV5  SV8l  Z6  Z7 79
class Rt 08591 08649 00911 01853 00910 01026 01040 01026 01040 00939 0.0749 01168 0.1025

g Rank 1 2 3 4 5
Si"* EVCS E27 78 75 E5  E26
class  pct 08063 02791 02552 02155 0.1339

Z: ZES, E: Esarj, SV: Sharz-Voltrun, G: G-Charge.
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The seventh class is not included in Table 6. This is because there is only one EVCS in
the seventh class area; therefore, no ranking was performed. Although Sharz and Voltrun
belong to the same company, they serve separately in operation. For this reason, data were
provided for two companies together. It was considered as a single company during the
evaluation process.

5.4. Sensitivity Analysis

Through a sensitivity analysis, it was possible to measure and test the usability and
effects of the criteria on the results and also to define the weights of the criteria as the
scenarios changed.

Six scenarios were defined by increasing the weights of the main criteria C1, C2, C3,
C4, C5, and C6, respectively, by 100%. The values were increased by 100% to show the
change more clearly. Thus, changes can be followed more easily. Suitability maps for these
scenarios are presented in Figure 7.

EVCS suitability maps were obtained by reperforming geospatial analysis processes
for created each scenario. As it is clear from Figure 7, very serious changes are especially
detected in scenarios 3, 5 and 6. When the current criterion weights obtained from AHP
are examined, it is among the top three in the order of importance of C3, C6, and C5 main
criteria. Differences in scenario maps occur with the change in the weight values of these
main criteria. This situation has shown the importance of evaluation criteria weights in
site selection problems. Moreover, it reveals that the decision-making team established in
determining the criterion weights affects significantly the accuracy of the study. TOPSIS
ranking process was remade according to the criteria weights in the created scenarios. The
changes in the sensitivity analysis of the TOPSIS ranking are shown in Figure 8. Ranking
differences between the current and other scenarios are clearly visible. This condition
expresses that the ranking is sensitive according to the selected criteria weights.

Figure 7. Suitability maps for changed criterion weights.
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Figure 8. Ranking changes of current EVCSs due to changed criteria weights.

6. Discussion

Several studies in the literature carry out general evaluations of site selection.

This research aimed to define a more robust methodology by considering location and
service conditions as well as occupational analysis.

For this purpose, a suitability map was created using 16 location criteria. In the process
of examining the suitable areas of existing EVCSs, the suitability map was divided into
10 different classes. Each class belonging to the 294 ECVS sites currently present in the
examined area was evaluated separately. When the stations are evaluated considering
only the geographical location, it is observed that the stations with the best performance
values are located in areas where there is an intense interaction in terms of the criteria data
considered, i.e., they are the ones with a higher demand for the service.

The present work showed that there are no EVCSs in the suitable areas in classes 8,
9, and 10, while the number of current EVCSs in classes 6 and 7 is insufficient. However,
when examining the suitable area of classes 1 and 2, it can be seen that 144 and 75 EVCSs
are placed, respectively. The representation of the current EVCS in each class is given in
Figure 9.

N Legend
A e  7th Class
® oo o0 . - e 6th Class
° S) es 7
& "o e  5thClass
e}

° e  4th Class

° o 7
° o 3rd Class
® 2nd Class

30 15 0

o 1stClass

Figure 9. Distribution of EVCS by classes.

The main reason for this is that most of the mobility in Istanbul is within the suitable
areas defined by classes 1 and 2. However, a minimum number of charging stations must
be located in all areas to ensure the continuity of the charging network, to increase the
quality of service, and to meet the demand for charging. Thus, the criticality of the absence
or reduced availability of charging infrastructure is reduced. With the improvements to
be made in the charging infrastructure, the number of electric vehicles will increase and
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the environmental problems caused by transport will be relatively avoided. The suitability
map is a guideline for existing and potential service providers when allocating in areas
where the number of EVCS is insufficient.

The study has several limitations to be discussed among which the number of criteria
for assessing service quality can be expanded. Indeed, the research can be expanded by
making optimal EVCS allocations to classes that are insufficient in terms of current EVCS.
If the number of electric vehicles in Turkey does not increase as predicted by governmental
and global scenarios, the applicability of the study will be limited. There are of course
other important considerations to be made during planning, such as the availability of
land /buildings, planning permission, government subsidies and other financial support,
and equitable access to charging stations for different sectors of society.

7. Conclusions

This research was conducted evaluating the performance of current EVCSs using a
three-step methodology based on the AHP and TOPSIS approach and GIS location. Firstly,
the criteria influencing EVCS locations were determined in terms of literature review,
experts, and authors’ recommendations. The location and operation criteria are included
in the study to increase its accuracy.

While AHP was used in the criteria weighting process, GIS was preferred for the
spatial analysis process. As a result of these analyses, the EVCS suitability map for Istanbul
was obtained. With the help of this map, it can be seen that the south-eastern parts of
the European side and the southwestern parts of the Anatolian side are the most suitable
areas. Furthermore, in the suitability map divided into 10 classes, the most suitable and
unsuitable areas were found as 275 km? (1st class) 220 km? (10th class), respectively. The
evaluation analysis of 294 current EVCSs was performed via TOPSIS, considering the
suitability map and operational criteria. According to the TOPSIS ranking results of the
first six classes, the current EVCSs with the best performance value are G23, SV32, G42,
G22, E30, and E27, respectively. The results show that the ratio between the most suitable
and unsuitable areas for the location of EVCSs in Istanbul and the study area is about 5%
and 4%, respectively. Finally, this paper describes a strategic and scientific framework for
evaluating the performance of current EVCSs. This study is a guideline for existing and
potential service providers and policymakers. Examining the usage rates of low-scoring
EVCSs according to the suitability map and avoiding unnecessary costs will provide a
benefit for both the sector companies and policymakers with the help of this paper. The
suitable locations of EVCSs planned to be established in the future can be easily analysed
via a suitability map. Thus, a major difficulty that may be encountered will be avoided.
The suitable location of EVCSs should maximise utilisation and minimise costs.

Future studies can be performed using other MCDM methods such as (VIKOR),
(PROMETHEE), and or (GRA). Considering the power system aspect, evaluating the
current EVCS is a very good idea for future studies.
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