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Abstract: Turkey is one of the most suitable countries for solar power plants, owing to its ideal
location in terms of receiving solar radiation; accordingly, plans are in place to expand its solar power
plant system to fulfill the increasing energy demand. In this study, a combination of multicriteria
decision-making and fuzzy logic was used to evaluate potential locations (cities in southern Turkey)
to install new solar power plants subject to different criteria of an uncertain nature. The proposed
methodology has several attractive features, which are described throughout this study. The criteria
were selected based on the literature and the opinions of experts. In addition, a new criterion (capacity
of existing solar power plants) was added to achieve more precise results. Ten criteria and eighteen
cities were selected to form the decision matrix for the problem. First, the weight of each criterion
was computed by stepwise weight assessment ratio analysis (SWARA). Then, the TOPSIS approach
was extended to the Pythagorean fuzzy form in ranking the locations of the decision matrix as a new
solution procedure. The results show that the best candidate city to install a new solar power plant is
Antalya, followed by Karaman and Malatya as the second and third best candidates, respectively.
Finally, to measure the impact of the changes in the weight of the criteria, a sensitivity analysis was
conducted. Multiple scenarios were considered, and the results indicated that Antalya was the best
alternative in most of the scenarios.

Keywords: solar power plant; multicriteria decision making; stepwise weight assessment ratio
analysis; Pythagorean fuzzy TOPSIS

1. Introduction

Renewable energy is considered the best option among conventional fuel resources,
especially given the current energy crisis. With the need to meet the needs associated with
unavoidable population growth, energy consumption continues to increase [1]. Energy-
related problems are no longer restricted to the domestic scale, i.e., restricted to specific
countries, but have become globalized. According to the International Energy Agency
(IEA), in 2019, more than 80% of the energy used in the world was provided by fossil-based
resources, such as coal (27.1%), oil (32%), and natural gas (22.2%) [2]. Currently, as a result
of the worldwide energy crisis, the identification of alternative energy resources is an
important concern.

Sustainable (renewable) energy resources represent the best alternative, as they gener-
ate energy that produces no greenhouse gas emissions causing air pollution [3]. Multiple
alternative renewable energy resources are available, such as solar, wind, geothermal,
biomass, and hydropower sources. The importance of renewable energy systems is un-
deniable and is expected to continue in the medium and long term [4]. Solar energy is
among the most well-known renewable energy sources. In 2018, solar photovoltage power
constituted approximately 40% of the total installed renewable energy power globally [4].

Finding the best location for a solar power plant to obtain the optimal performance is
a major challenge. Location selection is one of the initial applications of decision theory
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and operation research [5], and selecting the optimal location for a plant among potential
sites is a challenging task, with several potential resource planning applications [6]. The
most prevalent methodology used in recent studies for the selection of solar power plant
locations is multicriteria decision making (MCDM). Many MCDM methods are available
for site selection, such as the analytical hierarchy process (AHP), the technique for order
performance by similarity to ideal solution (TOPSIS), preference ranking organization
method for enrichment of evaluations (PROMETHEE), élimination et choix traduisant
la realité (ELECTRE), and viekriterijumsko kompromisno rangiranje (VIKOR). MDCM
methods have been applied in many studies to select the best alternative, whereas in other
studies, a combination of two or more methods has been used for the same purpose. For
instance, Akcay and Atak (2018) applied a hybrid AHP-TOPSIS method to find an optimal
site for a solar power plant in Turkey [7]. In a research paper with the aim of locating
an optimal site for a solar power plant in the central Anatolian region of Turkey, AHP,
ELECTRE, TOPSIS, and VIKOR methods were used to compare five cities [8]. In a similar
study conducted in India, researchers utilized a combination of AHP and TOPSIS to find
the best location for a solar power plant [9]. In a case study conducted in Spain, researchers
employed the TOPSIS-ELECTRE TRI method in order to find the optimal location for PV
solar farms [10]. In a similar case study conducted in China, researchers applied MCDM to
the location selection of solar–wind hybrid power stations [11]. A research study performed
in a rural district of Germany involved the use of a GIS-based AHP approach to find the
best location for a wind farm [12]. Another study conducted by Sozen et al. involved the
use of data envelopment analysis and the TOPSIS method to evaluate 30 cities in multiple
regions of Turkey in order to find the best city for the location of solar power plants [13].
Because solar energy is the most abundant source of sustainable energy, various MCDM
methodologies have been used to find the best location for solar power plants. Several
studies involving the application of the MCDM method for power plant site selection are
presented in Table 1.

Table 1. Summary of the previous studies involving the use of single or multiple MCDM methods
for renewable resource site selection.

Methodology Renewable
Resources Region References

AHP Solar energy Turkey Ozdemir et al. [14]
AHP Solar/wind energy China Wu et al. [11]
AHP Solar energy Morocco Tahri et al. [15]
AHP Solar energy Saudi Arabia Al Garni et al. [16]
AHP Wind energy Germany Hofer et al. [12]
AHP Wind energy Iran Moradi et al. [17]

TOPSIS Solar energy Turkey Sozen et al. [13]
TOPSIS Solar energy Iran Nazari et al. [18]

PROMETHEE Wind energy Gulf region Rehman et al. [19]
ELECTRE TRI Bioenergy Portugal Silva et al. [20]
AHP-TOPSIS Solar energy Turkey Akcay and Atak [7]
AHP-TOPSIS Solar energy India Sindhu et al. [9]
AHP-TOPSIS Solar energy Spain Lozano et al. [21]
AHP-TOPSIS Solar energy Brazil Rediske et al. [22]

In several studies, a combination of MCDM and other supplementary methods was
used to find the best alternatives [23]. For instance, a combination of geographic information
systems (GIS) and the MCDM method was used to evaluate suitable locations for solar
thermoelectric power plants in a study conducted in Switzerland, [24]. The GIS-AHP
approach is a popular method that has been used by many scholars for location selection.
For example, in a case study in Turkey, researchers determined the best suitable area
for a solar power plant by combining the AHP with a GIS tool in the Ayranci region in
Karaman, Turkey [25]. In a similar study that was performed in Saudi Arabia, the GIS-AHP
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approach was used to find the solar power plant site [16]. Some of those studies that
applied MCDM methods did not consider the uncertainty of parameters. Fuzzy logic is
a supplementary method which can be aggregated with MCDM methods to overcome
this uncertainty. Fuzzy logic is one of the soft computing techniques adopted in energy
modeling to incisively map the energy system, and it has been used extensively in recent
years in site assessment [26]. For instance, Lee et al. used an integrated decision-making
model (fuzzy AHP and data envelopment analysis) to find the location for a PV solar
plant [27]. In one of the recent studies which was performed in the Isfahan Province of Iran,
researchers used multicriteria evaluation based on AHP, GIS, fuzzy logic, and weighted the
linear combination approach to determine optimal locations for a wind–solar farm site [28].
Similarly, AHP and GIS were used to determine a suitable site selection for wind–solar
energy plants in four counties of Iğdır city in Turkey [29]. In a study carried out in Oman
by Gharabi and Gastli, GIS-based special fuzzy multicriteria was utilized to assess the land
suitability for a solar farm [26]. The fuzzy measure concept can also be used to evaluate the
importance of certain criteria. In a study performed by Wu et al., fuzzy measure was used
to weigh the importance degree of criteria and the MCDM method with Linguistic Choquet
Integral was applied to rank the alternative sites [30]. Similarly, Gunderson et al. have
presented an adopted graphical method based on fuzzy logic to determine a potential site
for a solar power plant [31]. Moreover, the combination of fuzzy logic and MCDM could
be employed to determine the degree of importance of certain criteria. In a novel study by
Deveci et al., logarithmic additive estimation of weight coefficient (LAAW) under the fuzzy
environment was proposed to compute the weight of each criterion for solar power plant
site selection [32].

Furthermore, fuzzy logic can be applied to identify candidate solar power plant sites
based on particular data (special data, probabilistic data, simulation data, or index data)
from reliability models [26]. For instance, in a case study performed in the Markazi province
of Iran, a GIS-based Boolean-fuzzy logic model was used to select the best location for a
solar power plant [33]. In general, intuitionistic fuzzy set (IFS) and Pythagorean fuzzy set
(PFS) are the most commonly used types of fuzzy sets. They can be used as an effective
tool for describing MCDM problems under uncertainty (see Section 2). Thus, PFSs are used
in this research for the case study of the decision-making problem.

Although Turkey is one of the most suitable countries due to its ideal location in terms
of receiving solar radiation, the installed solar power plants in Turkey constitute less than
50% of its actual capacity. Additionally, Turkey is planning to expand its solar power plants
system to fulfill increasing energy demand. Consequently, this study aims to find the best
location/s (cities) for a new solar power plant in the south of Turkey.

The remaining parts of this paper were organized into six sections. Section 2 describes
the Pythagorean fuzzy sets and membership grades while Section 3 represents the moti-
vation for this study, selection criteria, and potential alternative locations in Turkey. The
solution methodology is discussed in Section 4. Section 5 presents the sensitivity analy-
sis considering various scenarios. The paper ends with Section 6 which presents some
concluding remarks.

2. Basic Concepts Pythagorean Fuzzy Sets and Membership Grades

Fuzzy logic has vast applications in different areas [34]. Bellman and Zadeh introduced
the theory of fuzzy set in the MCDM problem [35]. They presented only the membership
degree as an alternative with respect to the criterion. Later, Atanassov introduced the
concept of intuitionistic fuzzy set (IFS), which is characterized by both membership and
non-membership degrees for which the sum of them is less than or equal to 1 [36]. Recently,
Yager introduced the basic concept of Pythagorean fuzzy sets (PFS) and membership
grades [37,38]. The advantage of proposing PFSs is that in real-life decision-making, the
sum of the membership degree and non-membership degree might be bigger than 1
but their sum of the square is less than or equal to 1. In other words, the space of the
Pythagorean membership degree is greater than the space of the intuitionistic membership
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degree. It is possible to conclude that each intuitionistic fuzzy number (IFN) is also a
Pythagorean fuzzy number (PFN), but not all PFNs are IFNs. This result can be seen in
Figure 1, and in this figure, intuitionistic membership grades are the points under the line
a + b = 1 and the Pythagorean membership grades are the points under the line a2 + b2 = 1.
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Figure 1. Comparison of space of the intuitionistic membership grades and the Pythagorean mem-
bership grades.

The following PFS is discussed in detail. Yager indicated that if a and b are Pythagorean
fuzzy numbers (a, b), they must satisfy the following conditions:

a, b ∈ [0, 1], and a2 + b2 ≤ 1. Here, a = Pm(y), the degree of support for membership of
y in P and b = Pn(y), the degree of support for non-membership of y in P. A Pythagorean
membership grade is a point of the circle of radius r, which a2 + b2 = r2, a = r cos(θ), b = r
sin(θ). R and θ must satisfy the conditions that r ∈ [0, 1], and θ ∈ [0, π/2], and d = π−2θ

π .
Here, r is the strength of commitment and d is the direction of commitment for the point

(a, b). Additionally, for any Pythagorean fuzzy set P and y, τP(y) =
√

1− a2
P(y)− b2

P(y) is
called the degree of indeterminacy of y to P.

Yager referred to a fuzzy subset having this Pythagorean membership grade as a
Pythagorean fuzzy set, and the following are the general operation on Pythagorean fuzzy
sets [37].

Assume that A1 and A2 are two fuzzy subsets of S:
A1 = (a1, b1), and a2

1 + b2
1 = r2

1 ≤ 1,
A2 = (a2, b2), and a2

2 + b2
2 = r2

2 ≤ 1,
A = (a, b), and a2 + b2 = r2 ≤ 1.
Then, the basic operation on them can be described as follows [39]:
A1 ∩ A2 = (Min(a1, a2), Max(b1, b2)).
A1 ∪ A2 = (Max(a1, a2), Min(b1, b2)).

A1 ⊕ A2 = (
√

a2
1 + a2

2 − a2
1.a2

2 , b1· b2).

A1 ⊗ A2 = ( a1·a2,
√

b2
1 + b2

2 − b2
1·b2

2 ).

α A = (
√

1− (1− a2)
α, bα), α > 0.

Aα = (aα,
√

1− (1− b2)
α), α > 0.

Additionally, it is possible to see that there exists a natural quasi-ordering (-) on the
Pythagorean fuzzy numbers as follows:

A1 - A2 if and only if a1 ≤ a2 and b1 ≥ b2.
Let s(A) be the score function of A, and s(A) = a2 − b2 and s(A) ∈ [−1, 1]. Then
If s(A1) < s(A2), then A1 ≺ A2
If s(A1) > s(A2), then A1 � A2
If s(A1) = s(A2), then A1∼A2
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For example, consider two Pythagorean fuzzy numbers A1 = (
√

3
2 , 1

2 ) and A2 = (
√

2
2 , 1

2 ), then

s(A1) = (
√

3
2 )

2
− ( 1

2 )
2

= 1
2 , s(A2) = (

√
2

2 )
2
− ( 1

2 )
2

= 1
4 .

Apparently, s(A1) > s(A2), thus A1 � A2.
In the next section, the MCDM problem under the Pythagorean fuzzy environment

will be introduced.

3. Solar Powerplant Locations Selection Problem in Turkey

The total installed electricity capacity of Turkey in 2016 was 78,498 MW, which reached
88,569 MW in 2018 [40]. That shows a 12.8 % increase in the amount of electricity capacity,
and the main reasons for such a high increase in electricity demand are economic growth
and the high growth rate of the population [40]. The total electricity demand in Turkey in
2018 was 304,200 GWh, of which 69% came from the electricity generation belonging to
fossil fuel-based power stations [41]. Renewable energy resources such as solar energy can
be a good alternative to fossil fuels.

Turkey is considered a great candidate for renewable energy resources due to its
geographical location. Turkey is located between 35 and 40◦ N and 34 to 36◦ E on the
meridian, which implies that it receives a good amount of solar radiation, especially during
the summer, and compared to other developed countries, Turkey receives sufficent average
sunshine time. According to the Turkish ministry of energy, the average sunshine duration
is 2766.2 h/y, and the energy potential that can be produced from the sun is approximately
380 billion kWh [42]. Table 2 shows Turkey’s monthly average solar potential. This makes
Turkey a great alternative for using solar energy if the optimal location is selected properly.

Table 2. Turkey’s monthly average solar potential [42].

Months
Monthly Total Sun Energy Sunshine Time

(kcal/cm2) (kWh/m2) (Hours)

January 4.45 51.75 103
February 5.44 63.27 115

March 8.31 96.65 165
April 10.51 122.23 197
May 13.23 153.86 273
June 14.51 168.75 325
July 15.08 175.38 365

August 13.62 158.4 343
September 10.6 123.28 280

October 7.73 89.9 214
November 5.23 60.82 157
December 4.03 46.87 103

Total 112.74 1311 2640

Turkey’s region with the greatest potential to benefit from solar energy is the southern
region. As can be seen in Figure 2, the southern part of Turkey receives enough solar
radiation, which helps to determine and choose the best alternatives. Choosing the optimal
location will make the solar power plant work with high efficiency, which will provide
both economic and environmental benefits.

Based on the report published in 2020, the electricity generated by solar energy at the
end of 2016 was 1043 GWh. At the end of 2018, it was increased to 7799.8 GWh which
indicated a high potential to generate electricity from solar energy in Turkey. Although
Turkey has a higher annual average daily solar radiation when compared to Germany
and the proximal regions, the currently installed power plants in Turkey represent only
40% of the number in Germany [41]. Consequently, Turkey is expected to increase the
number of solar power plants (PV capacity) in the coming years. As Turkey needs to
expand solar power plants for electricity generation, this study tries to identify the solar
energy potential in southern cities of Turkey. Therefore, Turkey should find a way to use
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its solar energy potential effectively. A study by Özcan and Ersoz in 2019 demonstrated
solar energy performance in three cities (Ankara, Istanbul, and Izmir) in Turkey [44]. The
research describes how the photovoltaic system was implemented to evaluate the potential
of solar energy in Turkey. Similar works were performed by other researchers in previously
published studies [45,46]. Many other studies proved that Turkey has a high potential for
PV application [7,47–51].
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As mentioned earlier, the purpose of this study is to find the best location for a solar
power plant. In order to achieve this aim, different cities in the southern province of Turkey
were considered and ranked based on their perspectives in selected criteria over the past
years. In the remaining parts of this section, the problem will be described by presenting
the selected criteria, the candidate cities, and the decision matrix.

3.1. Criteria Selection

One of the important issues in MCDM analysis is criteria selection. The main criteria
that affect solar power plant location selection are economic, geographic, environmental,
technical, and social. Choosing the right criteria is crucial to correctly analyze and achieve
accurate results. The following are the list of criteria that were used by different researchers
to decide on solar power plant location [7,16,24,25,27,52–56]:

Solar radiation
Average sunshine
Average temperature
Distance from power transmission lines
Distance from the main road
Distance from population centers
Land cost
Earthquake risk
Erosion risk
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Number of snowy days
Number of rainy days
Wind speed
Location selection for solar power plants needs to incorporate a wide range of criteria

to optimize electricity output and at the same time protect the environment. Various studies
have used different criteria for site selection problems, and the decision-making process
becomes more difficult as the number of criteria increases. The first step in this study is
to identify the most effective criteria concerning solar power plant location through the
comprehensive literature review. In this study, criteria were selected based on past research.
In addition, a new criterion was considered (C10) which has not been used before in the
literature (past studies and articles) to obtain a more accurate result. The description of
criteria and data source are shown in Table 3.

Table 3. Criteria and available data source for Turkey.

Criteria Code Description Type Data Source (Accessed on 1 June 2020)

C1 Solar radiation (kWh/m2/year) Positive https://www.mgm.gov.tr
C2 Temperature (◦C) Negative https://www.mgm.gov.tr
C3 Sunshine duration (h/year) Positive https://www.mgm.gov.tr
C4 Number of snowy days (days/month) Negative https://www.mgm.gov.tr
C5 Earthquake risk Negative https://www.afad.gov.tr
C6 Flooding risk Negative https://www.afad.gov.tr
C7 Number of rainy days (days/month) Negative https://www.mgm.gov.tr
C8 Population Positive https://www.nufusu.com
C9 Land cost (TL) Negative https://www.gib.gov.tr
C10 Capacity of existing solar power plants (kWh) Negative https://www.enerjiatlasi.com

3.2. Candidate Locations

In this study, 18 cities in the southern province of Turkey that have the greatest
potential to benefit from solar energy were considered to be assessed and ranked according
to the given criteria. The list of cities is shown in Table 4.

Table 4. The list of potential locations for solar power plant system.

Alternative Code City Alternative Code City

Y1 IZMIR Y10 KARAMAN
Y2 AYDIN Y11 MERSIN
Y3 MUGLA Y12 ADANA
Y4 DENIZLI Y13 NIGDE
Y5 AFYON KARAHISAR Y14 KAYSERI
Y6 BURDUR Y15 KARAMANMARAS
Y7 ISPARTA Y16 MALATYA
Y8 ANTALYA Y17 GAZIYANTEP
Y9 KONYA Y18 AYDIYAMAN

3.3. Decision Matrix

In MCDM, problem constructing decision matrix is a critical step. Each element
in the decision matrix indicates the evaluation of all alternatives with respect to each
criterion. For a given MCDM problem with PFNs, let Y = {y1, y1, . . . , ym} (m > 1) be a
discrete set of m possible alternatives, C = {c1, c1, . . . , cn} (n > 1) be a finite set of criteria,
and W = {w1, w1, . . . , wn} be the weight of all criteria, which satisfy wj ∈ [0, 1], and

n
∑

j=1
wj = 1. Let cj(yi) be the value of alternative yi (i = 1, . . . , m) with respect to criterion

cj (j = 1, . . . , n), and cj(yi) = P(aij, bij). Where each of the elements is a PFN, and the degree
of which the alternative yi satisfies the criterion cj is the value aij and the degree to which

https://www.mgm.gov.tr
https://www.mgm.gov.tr
https://www.mgm.gov.tr
https://www.mgm.gov.tr
https://www.afad.gov.tr
https://www.afad.gov.tr
https://www.mgm.gov.tr
https://www.nufusu.com
https://www.gib.gov.tr
https://www.enerjiatlasi.com
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the alternative yi does not satisfy the criterion cj is the value bij. Therefore, the Pythagorean
fuzzy decision matrix is D = (cj(yi))m×n and it can be illustrated as follows:

D = (cj(yi))m×n =

 P (a11, b11) · · · P (a1n, b1n)
...

. . .
...

P (am1, bm1) · · · P (amn, bmn)


For the case of this study, n = 10 and m = 18.
In order to cope with the uncertainty which can appear in real-life problems, not only

considering the recent data for evaluating the cities, the values of the decision matrix of the
case study are PFNs, and presented in Table 5 below.

Table 5. The Pythagorean fuzzy decision matrix of the case study.

Criteria

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A
lt

er
na

ti
ve

s

Y1 (0.35, 0.79) (0.4, 0.6) (0.8, 0.3) (0.9, 0.15) (0.2, 0.9) (0.8, 0.26) (0.5, 0.63) (0.9, 0.2) (0.4, 0.72) (0.98, 0.02)
Y2 (0.59, 0.55) (0.35, 0.7) (0.8, 0.2) (0.9, 0.15) (0.2, 0.9) (0.9, 0.18) (0.3, 0.82) (0.6, 0.5) (0.6, 0.5) (0.9, 0.1)
Y3 (0.96, 0.18) (0.5, 0.65) (0.85, 0.2) (0.93, 0.22) (0.2, 0.9) (0.9, 0.15) (0.3, 0.79) (0.6, 0.5) (0.2, 0.89) (0.95, 0.02)
Y4 (0.58, 0.56) (0.65, 0.5) (0.85, 0.2) (0.91, 0.2) (0.2, 0.9) (0.9, 0.23) (0.3, 0.78) (0.6, 0.5) (0.7, 0.42) (0.8, 0.2)
Y5 (0.38, 0.76) (0.9, 0.25) (0.8, 0.2) (0.6, 0.5) (0.4, 0.7) (0.6, 0.54) (0.35, 0.84) (0.55, 0.5) (0.65, 0.43) (0.7, 0.4)
Y6 (0.78, 0.36) (0.85, 0.3) (0.85, 0.2) (0.8, 0.3) (0.2, 0.9) (0.95, 0.16) (0.3, 0.78) (0.3, 0.7) (0.7, 0.38) (0.8, 0.3)
Y7 (0.63, 0.51) (0.75, 0.4) (0.8, 0.3) (0.76, 0.4) (0.2, 0.9) (0.95, 0.11) (0.3, 0.81) (0.3, 0.7) (0.6, 0.55) (0.85, 0.2)
Y8 (0.97, 0.1) (0.3, 0.7) (0.85, 0.2) (0.97, 0.02) (0.4, 0.7) (0.95, 0.12) (0.4, 0.67) (0.8, 0.3) (0.5, 0.6) (0.78, 0.4)
Y9 (0.57, 0.57) (0.75, 0.3) (0.85, 0.2) (0.7, 0.4) (0.6, 0.5) (0.7, 0.38) (0.3, 0.79) (0.8, 0.3) (0.6, 0.44) (0.1, 0.9)
Y10 (0.78, 0.36) (0.7, 0.4) (0.85, 0.2) (0.74, 0.45) (0.9, 0.2) (0.98, 0.09) (0.4, 0.69) (0.3, 0.8) (0.6, 0.43) (0.83, 0.3)
Y11 (0.75, 0.39) (0.36, 0.7) (0.85, 0.2) (0.95, 0.05) (0.8, 0.3) (0.7, 0.4) (0.3, 0.84) (0.7, 0.4) (0.6, 0.43) (0.84, 0.3)
Y12 (0.64, 0.5) (0.2, 0.9) (0.84, 0.2) (0.98, 0.01) (0.6, 0.5) (0.2, 0.89) (0.3, 0.81) (0.7, 0.4) (0.6, 0.44) (0.98, 0.03)
Y13 (0.63, 0.51) (0.98, 0.1) (0.85, 0.2) (0.63, 0.5) (0.8, 0.3) (0.9, 0.23) (0.3, 0.78) (0.3, 0.8) (0.5, 0.57) (0.65, 0.5)
Y14 (0.52, 0.62) (0.97, 0.2) (0.8, 0.3) (0.9, 0.15) (0.6, 0.6) (0.2, 0.9) (0.2, 0.9) (0.6, 0.5) (0.6, 0.49) (0.3, 0.8)
Y15 (0.73, 0.41) (0.6, 0.4) (0.9, 0.1) (0.62, 0.5) (0.5, 0.6) (0.3, 0.79) (0.5, 0.61) (0.6, 0.5) (0.6, 0.49) (0.87, 0.3)
Y16 (0.71, 0.43) (0.85, 0.3) (0.86, 0.2) (0.8, 0.3) (0.5, 0.6) (0.8, 0.28) (0.4, 0.69) (0.55, 0.5) (0.6, 0.5) (0.85, 0.3)
Y17 (0.78, 0.36) (0.4, 0.6) (0.8, 0.3) (0.86, 0.2) (0.6, 0.4) (0.8, 0.25) (0.4, 0.66) (0.7, 0.4) (0.6, 0.53) (0.8, 0.3)
Y18 (0.79, 0.35) (0.55, 0.6) (0.85, 0.3) (0.9, 0.2) (0.3, 0.8) (0.6, 0.4) (0.4, 0.7) (0.55, 0.6) (0.7, 0.4) (0.9, 0.1)

3.4. Solution Methodology

As mentioned earlier, this study aims to find the best location for a solar power plant
in the nominated cities in Turkey according to certain given criteria. In respect to the aim,
the below phases were proposed for the evaluation approach.

Phase I: Weight determination. Calculating the importance weight of each criterion
by Stepwise Weight Assessment Ratio Analysis (SWARA).

Phase II: Ranking Approach. Applying MCDM to evaluate the nominated cities and
rank them. For this aim, the Pythagorean fuzzy TOPSIS is used as a decision approach
for ranking.

The phases are explained in the rest of this section, and the flowchart of the proposed
solution methodology is shown in Figure 3.

3.5. Weight Determination

Generally, the weights of the criteria are determined based on the decision maker’s
(DM) point of view [23]. One of the suitable methods which allows DMs to choose their
priorities and utilize the objective view rather than the compulsory scale in the ranking of
the criteria is the SWARA method [57]. The SWARA method was introduced by Keršulienė
et al. in 2010 [58], and in this method, the criteria are ranked from the most important
weight value to the least important value by the DMs. The SWARA method is widely used
in a variety of literature on different weighting problems, particularly in energy and its
related researches [57]. The implementation steps of the SWARA method can be described
as follows [59]:
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ρd
c is the score assigned to the c criteria by d decision-maker (c = 1, . . . , n; d = 1, . . . , k;

0 ≤ ρc
d ≤ 1). n is the total number of criteria and k is the number of decision-makers.

Pc is the average of the important points assigned to the criteria by the decision-
makers and

Pc =
1
k

k
∑

d=1
ρd

c .

Ic is the relative importance value of the average importance score for each criterion
and indicated how important the c + 1 criterion is compared to the c criterion.

fc is the coefficient value and fc = Ic + 1. The coefficient value fc of the largest relative
importance sc is equal to 1.

w′c is the corrected weight value. For the criterion in the first place of the ranking

w′c = 1 and for the rest of the criteria w′c =
w′c−1

fc
.

Wc is the final weight and Wc =
w′c

∑n
c=1 w′c

.
The application steps of the WASPS method for the case study are explained in the

computation of results in Section 4.

3.6. Ranking Approach

In this section, the extension of TOPSIS to MCDM with PFS is proposed to solve the
location selection problem. The TOPSIS method was proposed by Hwang and Yoon in 1981,
and it is a simple and useful method to solve MCDM problems [60]. During the past years,
different scholars have extended the TOPSIS method for solving MCDM problems within
different fuzzy environments [61]. For instance, fuzzy number contexts [62], institutive
fuzzy set contexts [63], interval fuzzy set contexts [64], hesitant fuzzy set contexts [65], and
hesitant fuzzy linguistic term set contexts [66]. However, none of them were able to solve
the MCDM problem with Pythagorean fuzzy information. Later, Zhang and Xu proposed
an extended TOPSIS to MCDM with Pythagorean fuzzy sets [61]. This decision-making
approach is described in the following section.

Pythagorean Fuzzy TOPSIS Method

The Pythagorean fuzzy TOPSIS method is based on the principle that the best alterna-
tives should have the shortest distance from the positive ideal solution (PIS) and the farthest
distance from the negative ideal solution (NIS). Therefore, in the first step, the Pythagorean
fuzzy PIS and the Pythagorean fuzzy NIS must be determined. s(A) is used to identify the
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Pythagorean fuzzy PIS and the Pythagorean fuzzy NIS score function (see Section 2). The
Pythagorean fuzzy PIS is denoted by y+ and it can be determined by Equation (1).

y+ =
{

Cj, max i
〈
s
(
Cj(yi)

)〉
| j = 1, 2, . . . , n

}
=
{〈

C1, P
(
a+1 , b+1

)
〉,
〈
C2, P(a+2 , b+2

〉
, . . . ,

〈
Cn, P(a+n , b+n

〉}
(1)

Usually, in a real-life MCDM problem, there is no Pythagorean fuzzy PIS. Therefore, it
is necessary to calculate the distance between each alternative and the Pythagorean fuzzy
PIS. The distance between the alternative yi and the y+ is calculated by using Equation (2).

D
(
yi , y+

)
=

n

∑
j=1

wj d (Cj(yi), Cj
(
y+
)
) =

1
2

n

∑
j=1

wj

(∣∣∣(aij
)2 −

(
aj

+
)2
∣∣∣+ ∣∣∣(bij

)2 −
(
bj

+
)2
∣∣∣+ ∣∣∣(τij

)2 −
(
τj
+
)2
∣∣∣), i = 1, 2, . . . , m (2)

The smaller D(yi, y+), the better the alternative yi. Therefore,

Dmin
(
yi, y+

)
= min

{
D
(
y1, y+

)
, D
(
y2, y+

)
, . . . , D

(
ym, y+

)}
(3)

Although the closest distance to Pythagorean fuzzy PIS is favored, this does not
ensure the farthest distance from the Pythagorean fuzzy NIS. The Pythagorean fuzzy NIS
is denoted by y− and it can be determined by Equation (4), where the obtained value of
Pythagorean fuzzy NIS under each criterion is the minimum among all the alternatives.

y− =
{

Cj, min i
〈
s
(
Cj(yi)

)
〉| j = 1, 2, . . . , n

}
=
{〈

C1, P
(
a−1 , b−1

)
〉,
〈
C2, P(a−2 , b−2

〉
, . . . ,

〈
Cn, P(a−n , b−n

)〉}
(4)

Generally, in a practical MCDM problem, the Pythagorean fuzzy NIS might not exist.
In such a case, y− is the worst alternative of the problem. The distance between the
alternative yi and the y− is calculated by using Equation (5).

D
(
yi , y−

)
=

n

∑
j=1

wj d(Cj(yi), Cj
(
y−
)
) =

1
2

n

∑
j=1

wj

(∣∣∣(aij
)2 −

(
aj
−)2

∣∣∣+ ∣∣∣(bij
)2 −

(
bj
−)2

∣∣∣+ ∣∣∣(τij
)2 −

(
τj
−)2

∣∣∣), i = 1, 2, . . . , m (5)

The greater D(yi, y−), the better the alternative yi. Therefore,

Dmax
(
yi, y−

)
= min

{
D
(
y1, y−

)
, D
(
y2, y−

)
, . . . , D

(
ym, y−

)}
(6)

Generally, in a classical TOPSIS method, the relative closeness of the alternative yi
concerning the y+ can be calculated as follows:

RC(yi) =
D(yi, y−)

D(yi, y−) + D(yi, y+)
(7)

Although the optimal alternative can be obtained by closeness index RC(yi), Hadi-
Vencheh and Mirjaberi proved that the ranking order by the relative closeness might not
be optimal [67]. They pointed out that in certain situations, the relative closeness index
may not indicate the best solution. Hence, the optimal alternative should have the shortest
distance from the PIS and the farthest distance from the NIS simultaneously. Consequently,
they proposed a new equation with revised closeness to find the optimal alternative.

S(yi) =
D(yi, y−)

Dmax(yi, y−)
− D(yi, y+)

Dmin(yi, y+)
(8)

As is clear in Equation (8), the bigger S(yi), the better the alternative yi and the
value of S(yi) ≤ 0 (i = 1, . . . , m). It is possible to conclude that if there exists the best
alternative y∗ and it satisfies the conditions D(y∗, y−) = Dmax(yi, y−) and D(y∗, y+) =
Dmin(yi, y+), simultaneously, then S(yi) = 0.

4. Computational Results

The proposed methodologies explained in Section 3 were used for analyzing the
case study. After calculating the weight of each criterion using the SWARA technique,
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an extension of TOPSIS to MCDM with PFS was used to solve the problem and rank the
alternatives (cities). All calculations were performed in MS Excel and the results were
presented schematically using Origin Pro software.

Case Study

Before applying the Pythagorean fuzzy TOPSIS method to the case study, first, the
weight of the criteria must be determined by the SWARA technique.

In the first step, a questionnaire was distributed to six decision-makers who are experts
in energy management. Four of them are experts in energy resources and renewable energy
and have PhDs in mechanical engineering, while two of them are specialists in energy
management and location selection and have PhDs in industrial engineering. They were
asked to rank 10 decision criteria by giving 1 to the criteria which are the most important
and 10 to the criteria which are least important for them in location selection for the solar
power plant. After that, decision-makers reevaluated all criteria and assigned a score
between 0 and 1 to each criterion. This ranking of the six decision-makers for the criteria is
illustrated in Table 6.

Table 6. Criteria ranking by decision-makers.

Criteria
Code

Tanking Criteria by Decision Makers Reevaluating Criteria by Decision Makers (ρd
c ) Average

Importance
Scores (Pc)DM1 DM2 DM3 DM4 DM5 DM6 DM1 DM2 DM3 DM4 DM5 DM6

C1 1 1 2 1 1 1 1 1 0.9 1 1 1 0.98
C2 5 2 3 3 2 3 0.6 0.9 0.8 0.8 0.9 0.8 0.80
C3 4 3 6 2 6 2 0.7 0.8 0.5 0.9 0.5 0.9 0.72
C4 8 7 8 4 8 5 0.4 0.45 0.4 0.7 0.4 0.6 0.49
C5 7 9 5 10 10 7 0.45 0.35 0.6 0.3 0.3 0.45 0.41
C6 6 10 4 9 9 6 0.5 0.3 0.7 0.35 0.35 0.5 0.45
C7 9 8 7 5 7 4 0.35 0.4 0.45 0.6 0.45 0.7 0.49
C8 10 5 9 7 4 9 0.3 0.6 0.35 0.45 0.7 0.35 0.46
C9 2 6 1 8 5 8 0.9 0.5 1 0.4 0.6 0.4 0.63
C10 3 4 5 6 3 10 0.8 0.7 0.6 0.5 0.8 0.3 0.62

Following the ranking, average importance scores (Pc) were calculated, and the criteria
were sorted accordingly from the highest to the lowest. Then, for all criteria, the relative
importance value of the average (Ic) was determined. After that, coefficient values ( fc) and
corrected weights (w′c) were calculated. Lastly, the final weights (Wc) were calculated in
the last step. Relative importance values, coefficient values, corrected weight, and final
weights of criteria are shown in Table 7.

Table 7. Relative importance values, coefficient values, corrected weight, and final weights of criteria.

Criteria Code Sorted Pc from
High to Low

Relative Importance
Values (Ic)

Coefficient Values
(fc)

Corrected Weights
(w’

c)
Final Weights

(Wc)

C1 0.98 - 1.00 1.00 0.14
C2 0.80 0.18 1.18 0.85 0.12
C3 0.72 0.08 1.08 0.78 0.11
C9 0.63 0.08 1.08 0.72 0.10
C10 0.62 0.02 1.02 0.71 0.10
C4 0.49 0.13 1.13 0.63 0.09
C7 0.49 0.00 1.00 0.63 0.09
C8 0.46 0.03 1.03 0.61 0.09
C6 0.45 0.01 1.01 0.60 0.09
C5 0.41 0.04 1.04 0.58 0.08

After calculating the weights of the criteria using the SWARA method, Pythagorean
fuzzy TOPSIS was used as a decision approach for ranking alternatives. The following
values are considered for the parameters of this approach.
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The number of potential cities (alternatives) that may be suitable for the solar power
plant is 18 (m = 18).

The number of decision criteria is 10 (n = 10).
The weight vector of the criteria that was calculated in the previous section:

W = (0.14, 0.12, 0.11, 0.10, 0.10, 0.9, 0.9, 0.9, 0.9, 0.8)T .

The assessment values of the alternatives with respect to each criterion developed as a
Pythagorean fuzzy decision matrix (D18×10).

In the following, the Pythagorean fuzzy TOPSIS approach was used to solve the
decision problem and select the best alternative. In the first step, Equations (1) and (4)
were used to determine Pythagorean fuzzy PIS (y+) and Pythagorean fuzzy NIS (y−),
respectively, and the results are obtained as follows:

y+ =

{
(0.98, 0.1), (0.98, 0.1), (0.98, 0.1), (0.98, 0.01), (0.9, 0.2),
(0.98, 0.1), (0.5, 0.62), (0.9, 0.2), (0.7, 0.39), (0.98, 0.0.2)

}

y− =

{
(0.36, 0.79), (0.2, 0.9), (0.8, 0.3), (0.6, 0.5), (0.2, 0.9),
(0.2, 0.9), (0.2, 0.9), (0.3, 0.8), (0.2, 0.9), (0.1, 0.9)

}
Then, the distance between the alternative yi and the y+, and the distance between

the alternative yi and the y− were calculated by Equations (2) and (5), respectively. Finally,
Equation (8) was used to compute the revised closeness S(yi) of the alternative yi, and the
results of the last two steps are shown in Table 8.

Table 8. The results of Pythagorean fuzzy TOPSIS approach.

Cities Alternatives D(yi, y+) D(yi, y−) S(yi) Ranking

IZMIR Y1 0.38 0.38 −0.73 11
AYDIN Y2 0.39 0.38 −0.79 13

MUGLA Y3 0.32 0.42 −0.41 7
DENIZLI Y4 0.35 0.42 −0.52 9

AFYON KARAHISAR Y5 0.44 0.35 −1.03 16
BURDUR Y6 0.31 0.43 −0.33 5
ISPARTA Y7 0.38 0.38 −0.73 11

ANTALYA Y8 0.26 0.51 0.00 1
KONYA Y9 0.41 0.39 −0.84 14

KARAMAN Y10 0.26 0.49 −0.06 2
MERSIN Y11 0.32 0.47 −0.32 4
ADANA Y12 0.39 0.38 −0.75 12
NIGDE Y13 0.33 0.43 −0.43 8

KAYSERI Y14 0.43 0.33 −1.02 15
KARAMANMARAS Y15 0.38 0.43 −0.65 10

MALATYA Y16 0.30 0.48 −0.20 3
GAZIYANTEP Y17 0.33 0.48 −0.34 6
AYDIYAMAN Y18 0.34 0.45 −0.43 8

According to S(yi), it is possible to obtain the ranking order of the alternatives. The
optimal ranking order of the cities is y8 � y10 � y16 � y11 � y6 � y17 � y3 � y18 ∼ y13
� y4 � y15 � y7 ∼ y1 � y12 � y2 � y9 � y14 � y5, and thus the best alternative is y8,
namely, Antalya.

The schematic alternatives ranking is illustrated in Figure 4. The best alternative is
Antalya and the second one is Karaman. It is clear that Nigde and Aydiyamn have the
same score and both have 8th position in the ranking, also Izmir and Isparta have the same
ranking score and both are ranked in 11th position.
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5. Sensitivity Analysis

In this section, a new approach for sensitivity analysis is considered that computes
the final weight of each criterion. Although in sensitivity analysis the weight of criteria
can be changed arbitrarily, the weight should not be assigned randomly. In past studies
of sensitivity analysis, decision-makers tried to focus on determining the most significant
criteria [6]. Consequently, various scenarios were considered in the sensitivity analysis in
this study.

The steps used to find the new weights of the criteria are as follows [67]:
Step 1: Assign a new weight to criterion i (Ci) [i = 1, 2, . . . , n and n = 10 in the case

study] from Wi to W∗i , which W∗i = αWi, where α is a positive ratio.
Step 2: Calculate the weight of other criteria using the formulas below:

W∗1 = W1
W1+W2+W3+...+W∗k +...+Wn

W∗2 = W2
W1+W2+W3+...+W∗k +...+Wn

W∗3 = W3
W1+W2+W3+...+W∗k +...+Wn

.

.

.

.
W∗n = Wn

W1+W2+W3+...+W∗k +...+Wn

(9)

Step 3: Compute the ranking order of alternatives in terms of the new criteria’s weights.
Different scenarios were considered to find out how the order of alternatives could be

changed when the weights of the criteria were changed. The summaries of the sensitivity
analysis are shown in Table 9 (the top three alternatives are listed).
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Table 9. Sensitivity analysis.

Weights
Scenario

Initial
Weight 1 2 3 4 5 6 7

W1 0.14 0.10 0.500 0.077 0.085 0.200 0.200 0.010
W2 0.12 0.10 0.069 0.065 0.072 0.040 0.071 0.140
W3 0.11 0.10 0.064 0.060 0.066 0.037 0.200 0.008
W4 0.10 0.10 0.059 0.055 0.061 0.034 0.061 0.140
W5 0.10 0.10 0.058 0.054 0.060 0.033 0.060 0.140
W6 0.09 0.10 0.052 0.048 0.053 0.029 0.053 0.140
W7 0.09 0.10 0.052 0.048 0.053 0.029 0.053 0.140
W8 0.09 0.10 0.050 0.047 0.250 0.200 0.200 0.006
W9 0.09 0.10 0.049 0.046 0.250 0.200 0.051 0.140
W10 0.08 0.10 0.047 0.500 0.049 0.200 0.049 0.140

Order Alternatives with Final Score S(yi)

1st Y8 = 0 Y8 = 0 Y8 = 0 Y3 =0 Y8 = 0 Y8 = 0 Y8 = 0 Y10 = 0
2nd Y10 = −0.06 Y10 = −0.05 Y3 = −0.41 Y1 = −0.057 Y11 = −0.20 Y11 = −0.39 Y3 = −0.60 Y16 = −0.46
3rd Y16 = −0.20 Y16 = −0.22 Y10 = −1.20 Y12 = −0.060 Y17 = −0.27 Y18 = −0.40 Y11 = −0.70 Y13 = −0.49

For convenience, in the first scenario, the weights of all criteria were assumed to be
equal (1/10). As demonstrated in Table 9, although there are minor changes in the closeness
scores of the alternatives, there are no changes in their ranking of them. In the second
scenario, the weight of the first criterion (C1) was increased from 0.14 to 0.5 to find out how
the rank of alternatives would be changed if solar radiation became the most important
criterion. The results indicated that the order of the second and third alternatives was
changed, but the best alternative is still Antalya (Y8).

In scenario 3, the tenth criterion (C10, capacity of existing solar power plants) was
assumed to be the most important factor, and the weight of the criterion was increased from
0.08 to 0.5. Interestingly, the order of the top three alternatives was changed, and the best
alternative became Mugla, followed by Izmir and Adana as second and third alternatives.

In scenario 4, criteria 8 and 9 (population and land cost) were considered as the most
important criteria, and their weights were increased from 0.09 to 0.25. As indicated in
Table 8, the order of the second and third alternatives was changed, but the best alternative
is still Antalya (Y8). Similarly, in scenario 5, criteria 1, 8, 9, and 10 were considered the most
important criteria, and the results are similar to scenario 4.

Scenario 6 considers the positive criteria as the most important. The results show the
best alternative is still Antalya, but the second and third alternative order was changed
to Mugla and Mersin, respectively. In the last scenario, negative criteria are assumed
to be the most important criteria. Based on the results, the best alternative is Karaman,
followed by Malatya and Nigde as the second and third potential locations for the new
solar power plant.

The graphical demonstration of revised closeness (S(yi)) for alternatives under dif-
ferent scenarios is shown in Figure 5 (given that the revised closeness of the alternative
is close to zero, this alternative is most favored). Although there are some changes in the
ranking order of alternatives under different scenarios, Antalya (Y8) was selected as the
best alternative in most of the scenarios.
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6. Concluding Remarks

Since Turkey needs to expand its solar power plants to generate electricity, this study
attempts to find the optimal potential location for solar energy in southern Turkish cities.

Finding the optimal location for a solar power plant is considered one of the most
important issues. Accordingly, in this study, a two-phase combined methodology of
SWARA and Pythagorean fuzzy TOPSIS is proposed to find the best location for a new
solar power plant in the south region of Turkey. The proposed methodology has several
attractive features and it can also be modified and applied by the decision-makers in
different case studies or data sets. It includes fuzzy decision matrix, expert’s weights, and
alternative ranking function, in which all of these features are expressed by PFS.

In the proposed procedure, first, the important criteria were selected. Additionally, one
new criterion C10 (capacity of existing solar power plants) which has not been considered
in other studies, was added to data sets. Then, the criteria were weighted with the help of
six decision-makers using the SWARA technique. Finally, the Pythagorean fuzzy TOPSIS
method used the data obtained from the case study, and ranked the selected alternatives
(cities) from the best to the worse. The best city in which to install a solar power plant was
Antalya followed by Karaman and Malatya as second and third candidates, respectively. In
addition, sensitivity analysis was conducted to find the changes in the ranking order of
alternatives as the weight of different criteria changed. Although the results showed some
shifts in the ranking order of alternatives in different scenarios, Antalya remained the best
alternative in most cases.

In the future, it will be possible to perform analysis using different criteria or add
new criteria to the model. Likewise, the same dataset can be solved by using other MCDM
methods such as intuitionistic fuzzy TOPSIS or neutrosophic fuzzy TOPSIS.
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