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A B S T R A C T  
 

Photovoltaic energy is a good alternative to fossil fuels due to the abundance of solar energy. In this research, 
the criteria for locating photovoltaic solar power plants were identified using previous studies and experts’ 
views and by using the Delphi method based on five socioeconomic, topographic, power generation and 
distribution issues, climatological, and environmental criteria. Then, by using the GIS software, the layers of 
sub-criteria were classified for locating photovoltaic solar power plants. Upon identifying the proposed 
decision-maker units for location finding, their efficiency was calculated using the full fuzzy data envelopment 
analysis method in three steps. The information extracted from the layers of the sub-criteria of GIS was coded 
using the MATLAB software in the first step of the full fuzzy data envelopment analysis model and the 
decision-making units were classified into three classes of efficient, weak, and inefficient. In the second step, 
the values of output shortages and input surplus were determined. Finally, in the third step, efficient decision-
making units were ranked using Anderson-Pearson Super Efficiency Method in full fuzzy data envelopment 
analysis. In order to validate the proposed method, a case study was carried out. The results of calculations 
showed that the north, central, and southeast areas of Sistan and Baluchestan province were among the 
favorable areas for photovoltaic solar power plant construction. Therefore, approximately 66 % of the 
province’s area has appropriate efficiency matching the sub-criteria considered to construct a photovoltaic 
solar power plant. 
 

https://doi.org/10.30501/jree.2020.230490.1110 

1. INTRODUCTION1 

Growing population and the ensuing high energy consumption 
will increase the pollution from use of fossil fuels; thus, 
energy supply chains have shifted to the use of clean and 
renewable energies [1]. In the past years, the high initial cost 
of photovoltaic solar systems and the supply of cheap oil and 
gas have prevented the use of photovoltaic solar energy 
systems. In 1973, an increase in oil prices forced developed 
countries to use other strategies to supply energy from other 
sources. Due to the abundance and availability compared to 
renewable energies, solar energy is an appropriate alternative 
to supplying sustainable energy [2]. Based on the scientific 
estimates, about six thousand million years have passed since 
the birth of the sun. Moreover, the sun’s weight is three 
hundred and thirty-three times the weight of the earth; 
therefore, it can be considered a huge source of energy for the 
next five billion years [3]. 
   Photovoltaic solar power plants are used to convert sunlight 
into electrical energy [4]. The rapid growth and development 
of photovoltaic solar power plants over the recent few years to 
meet community demand has led countries to take 
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photovoltaic solar power plants more seriously [5]. 
Determining an optimal location has a major impact on the 
efficiency ratio of storing energy for power supply in 
exploiting photovoltaic solar power plants. Since the amount 
of energy produced by photovoltaic solar power plants is 
influenced by various criteria [6, 7], the criteria for selecting 
the optimum location for the construction of a photovoltaic 
solar power plant should be in line with these criteria. 
Identifying effective criteria for locating a photovoltaic solar 
power plant requires using the knowledge of experts in this 
field [8]. The Delphi method is one of the methods for 
summarizing and compiling comprehensive criteria based on 
the group decisions of experts and this research has used this 
method to identify effective criteria for locating photovoltaic 
solar power plants. The previous researchers have identified 
effective criteria for locating and have applied TOPSIS, 
ELECTRE, Hierarchical Analysis, and Data Envelopment 
Analysis methods to evaluate deployment locations. In recent 
years, researchers have also used Geographic Information 
System (GIS) along with decision-making methods in locating 
researches. 
   Given that GIS is an electronic system for managing and 
analyzing geographic information, by exploiting it, all 
locating-related information is displayed in a layered format 
and the possibility to make spatial decision makings by 
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entering all the descriptive and spatial information and then 
separating the spatial information of the layers into a map, 
table, and graph formats is provided for people. On the other 
hand, investigating the efficiency ratio of locations following 
the criteria to absorb sunlight is more effective in achieving an 
optimal decision. A Full-Fuzzy Data Envelopment Analysis 
method is used for measuring the relative efficiency in which 
there is the possibility of using several inputs and outputs. By 
using the full-fuzzy data envelopment analysis method, the 
efficiency of each one of the options is calculated by forming 
appropriate mathematical linear programming models [9]. 
   Following the above information, this research uses the 
Delphi method to identify the criteria for locating and 
classifying them and then, extracting fuzzy data completely 
using cover analysis method. Eventually, efficient locations 
are ranked. 
   Determining the optimal site is crucial to constructing a 
solar photovoltaic power plant [10, 11]. Given that the amount 
of energy generated by photovoltaic solar power plants is 
affected by various criteria [6], the criteria for selecting the 
optimal site to construct a solar photovoltaic power plant 
should follow these criteria [12]. Some studies have been 
conducted to identify efficient criteria for locating [13, 14]. In 
previous studies, TOPSIS, ELECTRE, Analytical Hierarchy 
Process (AHP), and Data Envelopment Analysis (DEA) 
methods were used to evaluate the sites [15, 16]. In this study, 
socioeconomic, climatological, power generation and 
distribution issues, the environmental, and topographic criteria 
were identified for locating using the Delphi method. Then, 
using the GIS, the layers of each of the sub-criteria of each 
criterion were classified. Finally, using the Full Fuzzy Data 
Envelopment Analysis Method, the decision-making units 
were measured in terms of efficiency level in three steps. 
Then, the values of output shortages and input surplus were 
calculated. Finally, efficient units were ranked. The second 
section of the study presents the literature and background of 
the study. The third section of the study presents the 
methodology. The fourth section presents the analysis of the 
results of the research with numerical data and a case study. 
Finally, the fifth section presents the conclusion and the 
recommendations. 
   According to the studies reviewed in this article, most of the 
previous articles have only examined the location of solar 
power plants using decision-making methods. Previous 
articles have also used decision-making methods to identify 
effective criteria for location. This article identified effective 
criteria for the study area by designing and distributing a 
questionnaire among the experts and beneficiaries of the solar 
power plant and using the Delphi method. It also positioned 
solar power plants based on the efficiency of candidate sites 
using all-fuzzy data envelopment analysis. In some previous 
papers, only fuzzy criteria were considered; however, in the 
method used in this paper, all parameters were considered to 
be triangular fuzzy. 
 
2. EXPERIMENTAL 

Solar energy as photovoltaic and thermal energy can be used 
to provide electrical energy. In the photovoltaic phenomenon, 
solar energy is directly converted to electricity [17]. The solar 
power plant is a power plant that receives its energy directly 
from the sun [18]. Locating is the optimal selection of sites for 
a specific purpose based on certain criteria. Locating a 
photovoltaic solar power plant is important given the criteria 

related to the amount of solar energy absorption [11]. The 
efficient criteria for locating the solar power plant can be 
identified using the Delphi method. The Delphi method is 
performed in several steps by experts to achieve a consensus 
on locating a photovoltaic solar power plant [19, 20]. In 
addition, the construction of a photovoltaic solar power plant 
requires information management and natural resource 
management. This requires the use of information technology, 
which considers the dimensions of natural and social 
structures altogether. Among the database processing software 
products, GIS software can process these two dimensions 
altogether with a geographical vision and can express them in 
simple words along with a graphical display [21]. The 
geographic information system is an electronic system 
through which all of the information related to locating is 
displayed as layers. By entering all the descriptive and spatial 
information and then separating the layers, the spatial 
information is provided to people in the form of a map, a 
table, and a graph [22]. The parameters involved in spatial 
information processing are inaccurate and fuzzy. The use of 
fuzzy processing functions and operators in the GIS software 
facilitates the processing and provides better solutions. As 
layers of all the criteria in the GIS environment have different 
units, for example, the height has the unit of the meter of 
distance from the sea level or slope has the unit of degree, to 
combine the layers of criteria with different units, they must 
be converted to a common unit. For this purpose, the layers 
can be homogenized. Classification is one of the ways for 
homogenizing. In the classification of the layers, each of the 
criteria is converted to squares, and the membership of the 
layers with different units is defined by a square unit. As a 
result, by overlapping the classified layers, they are combined. 
Accordingly, locating is performed based on the squares of the 
layers [23]. After identifying the sites, decision-making 
methods can be used to assess the efficiency of the sites. The 
Full Fuzzy Data Envelopment Analysis Method is a tool used 
to assess the performance in uncertain situations [24]. Full 
fuzzy data envelopment analysis method is a method used to 
measure the relative efficiency. In this method, it is possible to 
use multiple inputs and outputs. In the Full Fuzzy Data 
Envelopment Analysis Method, the efficiency of each option 
is calculated with the formation of appropriate linear 
programming models [9]. In Ref. [25], the modeling and 
optimization of the photovoltaic supply chain were performed 
in two steps using the data envelopment analysis method. In 
the first step, they located the solar energy supply plant. In 
Ref. [11], they examined the feasibility of installing and 
initiating a photovoltaic power plant using GIS. In Ref. [5], a 
solar power plant was located using multi-criteria decision-
making methods. In Ref. [6], the sites of the solar system were 
selected using Cronbach’s alpha and a hierarchical analysis 
method. In Ref. [24], the fuzzy data envelopment analysis 
method and a flexible neuro-fuzzy approach were used to 
locate the solar power plant. In Ref. [13], a photovoltaic solar 
power plant was located using GIS software and multi-criteria 
decision-making methods. Their research results showed that 
the use of GIS-MCDM tools facilitated the locating of power 
plants. In Ref. [26], in order to locate and implement 
photovoltaic pumping systems for irrigation in two steps, 
spatial analysis and BeWhere model were used. In Ref. [15], 
the thermal power plant was located using the multi-criteria 
decision-making methods of TOPSIS and STEEP-Fuzzy-
based hierarchy analysis. In Ref. [16], a photovoltaic solar 
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power plant was located in two steps and the efficiency of 
selected sites was assessed using fuzzy hierarchy process 
analysis and data envelopment analysis, respectively. In Ref. 
[27], a photovoltaic power plant was located using a multi-
criteria decision-making method. In Ref. [28], the selection of 
the most appropriate solar house system package was 
examined using hierarchical analysis method. In Ref. [29], the 
combined wind and solar power plant was located using the 
hierarchical analysis method. The results showed that 
knowing the advantages and disadvantages of candidate sites 
contributes significantly to making decisions by project 
managers. In Ref. [30], the installation of a thermal power 
plant was investigated using GIS, TOPSIS, AHP, and 
ELECTRE Methods. In Ref. [31], the solar power plant was 
located using the NDEA algorithm. Their results showed that 
the selected sites had a high potential for absorbing sunlight. 
In this paper, socioeconomic, climatological, power 
generation and distribution issues, environmental, and 
topographic criteria were identified for locating solar power 
plants. As the parameters involved in the spatial information 

processing are inaccurate and fuzzy, the layers of each of the 
criteria are classified in the GIS environment. Then, using the 
full-fuzzy data envelopment super analysis method, the 
relative efficiency of the sites was assessed and ranked. 
 
3. METHOD 

In this paper, the efficient criteria for locating the solar power 
plant were first identified based on the studies conducted and 
the views of the experts in this area using the Delphi method. 
Then, GIS software was a fuzzy data envelopment analysis 
method and the efficiency of the proposed sites was assessed 
in three steps. In the first step, the sites extracted from the GIS 
environment were classified into three classes of efficient, 
weak, and inefficient. In the second step, the value of inputs 
surplus and output shortages were calculated. In the third step, 
efficient sites were ranked using the full fuzzy data 
envelopment analysis method. Figure (1) shows this 
procedure. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Research steps 

Design a criteria questionnaire based on literature and background Select solar power plant specialists 

Distribute and collect questionnaires among experts 
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Ranking efficient places using Andersen-Petersen method 

Delphi method 
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Extract the data from the geographic information system 

Solar PV power plant site selection 
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3.1. Delphi method 

The Delphi method is used to decide on the qualitative issues 
by collecting expert views to achieve a consensus on the 
efficient criteria in locating photovoltaic solar power plants. 
The steps of the Delphi method are as follows [32]: 

Step 1: Identification of solar power plant locating criteria 
At this step, the criteria are identified by using a 
comprehensive review of the theoretical principles of the 
criteria related to locating solar power plant and the views of 
the experts on the importance and quality of the criteria in 
locating the solar power plant. 

Step 2: Selection of the number of decision-makers 
The views of the experts participating in the Delphi method 
play a central role in identifying the efficient criteria for 
locating a photovoltaic solar power plant. The participants of 
this research included 60 experts in the area of distribution, 
generation, operation, and installation of photovoltaic solar 
power plants. 

Step 3: Distribution of questionnaires 
First, a questionnaire containing the criteria extracted from 
previous studies and experts’ views was prepared. In 
distributing the questionnaires, experts were asked to express 
their views on the importance and quality of the criteria for 
locating the photovoltaic solar power plant and to add new 
criteria, if needed. Then, the next modified questionnaire 
based on the information extracted from the total responses to 
the first questionnaire was designed and re-distributed among 
experts. The number of repetitions of the distribution of the 
questionnaire to determine the criteria depends on Kendall's 
coefficient of concordance, calculated in each subsequent 
step. 

Step 4: Determining the level of consensus 
In this step, using Kendall’s coefficient of concordance 
derived from Equation (1), the level of consensus among the 
decision-makers is determined. Delphi method stops when the 
value of Kendall’s coefficient of concordance is at least 0.95. 
Therefore, the final questionnaire and the criteria in the final 
questionnaire are identified as selected criteria. 

( )2 2

12sW
m n n

=
−

                                                                       (1) 

   W indicates Kendall’s coefficient of concordance, s is the 
sum of the square of the total deviations, n is the number of 
ranked criteria, and m is the number of ranked groups. 
 
3.2. GIS 
Considering the site of phenomena, GIS processes and 
analyzes spatial data and land predictions. Due to the high 
cost of measuring data or the lack of access to all of the 
information of a spatial community, spatial data analysis plays 
a major role in executive plans. Having the information of 
specified points, it is possible to estimate and measure the 
levels of that area and the percentage probability of 
occurrence of certain events [33]. Moreover, GIS is a 
management tool for decision-making based on spatial data. 
By integrating data of different sources, it is possible to 
extract the required information and discover the complex and 
invisible relationships among the various phenomena so that 
the ultimate goal of the GIS is supporting and its basic 
function is to obtain information derived from the 

combination of different data layers with various ways [34]. 
Figure 2 shows the locating geographic information system 
environment. 

 

 
Figure 2. Locating levels with GIS software 

 
   In this research, the following cases were investigated using 
GIS software: 

1. Using data from synoptic stations of Sistan and 
Baluchestan, Hormozgan, and Kerman provinces for the 
interpolation of solar radiation, evaporation, temperature, and 
humidity parameters. 
2. Using the ASTER satellite Digital Elevation Model (DEM) 
with cell size or pixels (30 meters) received from the USGS 
website for the preparation of the layers of height. 
3. Using the layers of the province area, the main roads, urban 
and rural areas and the main rivers received from Sistan and 
Baluchestan provincial governorate. 
4. Using fault and land-use layers of Sistan and Baluchestan 
province received from National Geo-science Database. 
5. Using layers of power substations and power transmission 
lines received from Sistan and Baluchestan Provincial Electric 
Power Distribution General Administration. 
 
3.3. Fuzzy set and full fuzzy data envelopment analysis 
method 

As knowledge of individuals is expressed qualitatively, the 
theory of fuzzy sets is used to transform knowledge of 
individuals into a mathematical relation. The theory of fuzzy 
sets is a theory that can transform many of the inaccurate and 
vague concepts and variables and systems into mathematical 
relations and provide the conditions for reasoning, inferring, 
and making decision in uncertain situations. 
   In this theory, membership of the set members is displayed 
by the function μ (x) given in Equation (2), in which 

1 2 3 )a (a .a .a=  is a triangular fuzzy number and μ is a 
function that determines the membership degree x in a�  set 
[34]. 

( )

1
1 2

2 1

3a
2 3

3 2

x a      a x a
a a

μ x   a x     a x a
a a

0                                  .o w

 −
 ≤ ≤

−

= −

≤ ≤ −


                                    (2) 
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For a triangular fuzzy number, if a�. b�  are two triangular fuzzy 
numbers, a b=   is true only when a1=b1 , a2=b2 , a3=b3 are the 
mathematical relations between fuzzy numbers and fuzzy and 
definite numbers in Relations (3) to (6). 

( )1 2 3ka ka ,ka ,ka                                   if    k 0 = ≥                         (3) 
 

( )3 2 1ka ka ,ka ,ka                                   if    k 0 = ≤                         (4) 
 

( )1 1 2 2 3 3a b a b ,a b ,a b+ = + + +                                              (5) 
 

( )1 1 2 2 3 3 1 1a b a b ,a b ,a b           if a , b 0   × = ≥                                    (6) 

   K is a real and definite number. 
   The parameters are involved in the processing of 
information related to performance assessment to calculate the 
efficiency, inaccurate, and fuzzy state. One of the methods for 
assessing the efficiency of the options is the full fuzzy data 
envelopment analysis method. The full fuzzy data 
envelopment analysis method is a mathematical programming 
method for generating an efficiency boundary to assess the 
efficiency of the options with multiple inputs and outputs. In 
the full fuzzy data envelopment analysis method, all variables, 
parameters, and the efficiency of the options are calculated in 
a fuzzy manner, and the options are divided into three classes 
of efficient, weak, and inefficient. As inefficient options do 
not displace the boundary of efficiency, efficient options are 
ranked by using the full fuzzy data envelopment analysis 
method. In the fuzzy data envelopment analysis method, a set 
with n to DMU of inputs 

ijx   generates outputs of 
rjy . A set 

with the possibility of generating 
rjy  by

ijx  is called Tγ (Tγ 
can be introduced based on the return to the CRS constant 
scale or return to the VRS variable scale). Equation (7) 
represents the set of possible input and output combinations of 
the full fuzzy data envelopment analysis method [34]. 

( ){ }m sT x.y   R  |  x can produce y    +
+= ò                                (7) 

   One of the capabilities of the full fuzzy data envelopment 
analysis method is the application of models with the input 
and output nature corresponding to return to the same and 
different scales. In the input nature with a return to constant 
scale, each number of inputs generates the same number of 
outputs displayed by TCRS. In the nature of the output with 
return to the variable scale, each number of inputs can 
generate the same, small or large number of outputs displayed 
by the TVRS. Equation (8) displays a model with the nature of 
input and output. 

( ) ( ) ( ){ }p p pF F( x.y ,θ max θ R |  x ,θ y  T γ   ) += = ò ò                 (8) 

where 
pθ is the efficiency score for each DMU. The full fuzzy 

data envelopment analysis method is performed in three steps. 

Step 1: Calculation of relative efficiency 
In this step, the relative efficiency of the DMUs using the 
CRS input model is as follows: 

CRS
pmin θ                                                                                         (9) 

s.t. 
n

CRS
j ij i p ip

j 1

λ x s θ x    i 1, 2, ,m  −

=

× + = × =∑                       (10) 

n

j rj r rp
j 1

λ y s y              r 1, 2, ,s +

=

× = + =∑                       (11) 

( )jλ   TF R  ,           j 1, 2, , n + = ò  

( )is   TF R  ,          i 1, 2, ,m  +− =  ò  

( )is   TF R  ,           r 1, 2, , n   ++ =  ò  

   Phrase (9) is the objective function of the problem and 
represents the minimization of the efficiency of the decision-
making units. Phrases (10) and (11) represent the set of 
constraints related to inputs and outputs, respectively. 
   The numerical value 0 < θp ≤ 1. θ�p

CRS is the variable of 
efficiency in model with input nature, x�ij is the ith input of 
DMUj and its value is fuzzy. 

rjy  is the jth output of DMUj, 

and 
jλ  is DMUj weight. In addition, i rs   sand− +   are auxiliary 

variables. 
   Given that all variables and parameters are triangular fuzzy 
numbers, by using Relations (3) to (6), the above phrases can 
be rewritten as follows: 

( )CRS CRS CRS
p,1 p,2 p,3min θ ,θ ,θ                                                            (12) 

s. t. 

( ) ( ) ( )
n

CRS CRS CRS
j,1 ij,1 j,2 ij,2 j,3 ij,3 i,1 i,2 i,3 p,1 ip,1 p,2 ip,2 p,3 ip,3

j 1

λ x , λ x , λ x s ,s ,s θ x ,θ x ,θ x− − −

=

+ =∑  

i 1, 2, ,m               =   

( ) ( ) ( )
n

j,1 rj,1 j,2 rj,2 j,3 rj,3 r,1 r,2 r,3 rp,1 rp,2 rp,3
j 1

λ y , λ y ,λ y  s ,s ,s y , y , y   + + +

=

= +∑
 

 r 1, 2, ,s =   

j,1 j,2 j,1 j,3 j,2λ 0;  λ λ 0;   λ λ 0          j 1, 2, , n   ≥ − ≥ − ≥ = 3  

i,1 i,2 i,1 i,3 i,2s 0;   s s 0;   s s 0            i 1, 2, ,m  − − − − −≥ − ≥ − ≥ = 3  

r,1 r,2 r,1 r,3 r,2s 0;   s s 0;   s s 0           r 1, 2, ,s  + + + + +≥ − ≥ − ≥ = 3  
VRS VRS VRS VRS
p,2 p,1 p,3 p,2θ θ 0;   θ θ 0  − ≥ − ≥  

   In this section, in order to solve the multi-objective 
programming problem function while maintaining the 
triangular shape, Phrase (12) is transformed to three separate 
objective functions (13), (14), and (15). 

CRS
p,1min θ                                                                                       (13) 
CRS
p,2min θ                                                                                     (14) 
CRS
p,3min θ                                                                                       (15) 

s.t. 
n

CRS.*
j,k ij,k i,k p,k ip,k

j 1

λ x s θ x          i 1, 2, ,m    ,  k 1,2,3  −

=

+ = = =∑ 3

 
n

j,k rj,k r,k rp,k
j 1

λ y s y              r 1, 2, ,s     ,  k 1,2,3 +

=

= + = =∑ 3

 

jλ 0                        j 1, 2, , n                             ≥ =   

i,1 i,2 i,1 i,3 i,2s 0;   s s 0;   s s 0                    i 1, 2, ,m  − − − − −≥ − ≥ − ≥ = 3
 

r,1 r,2 r,1 r,3 r,2s 0;   s s 0;   s s 0              r 1, 2, ,s  + + + + +≥ − ≥ − ≥ = 3
 

CRS CRS CRS CRS
p,2 p,1 p,3 p,2θ θ 0;   θ θ 0  − ≥ − ≥  
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The problem is solved by the Lexographic method. 
Accordingly, the problem is first solved for the objective 
function (15) and the best value of the phrase (15) is obtained. 
Then, by maintaining this optimal value, the objective 
function (14) is optimized and by maintaining the optimal 
value of the objective functions (15) and (14), the optimal 
value of the objective function (13) is obtained. Finally, by 
calculating the value of the efficiency variable of each 
decision-making unit relative to other decision-making unit, 
the decision-making units are classified in terms of efficiency. 
Therefore, decision-making units fall into three classes: 

i: DMUp is efficient if ( )CRS*
pθ 1,1,1=  and for all is 

( ) ( )* *
i rs 0,0,0 and for all rs s 0,0,0+ += =   

ii: DMUp has low efficiency if 

( ) ( )
m s

CRS* * *
p i r

i 1 r 1

θ 1,1,1 , s s 0,0,0and + +

= =

= + ≠∑ ∑  

iii: DMUp is inefficient if ( )CRS*
pθ 1,1,1≠  

Step 2: Calculating the amount of output shortage and 
input surplus consumed 
Inefficient options cannot displace the border of efficiency; 
however, in inefficient decision-making units, some inputs 
remain and a shortage of outputs occurs. In this step, the 
number of inputs remained and the number of shortages of 
outputs of inefficient decision-making units is calculated 
using Equation (16). 

( ) ( )
m s

i,1 i,2 i,3 r,1 r,2 r,3
i 1 r 1

max          s s s s s s    − − − + + +

= =

+ + + + +∑ ∑            (16) 

s.t.
n

CRS.*
j,k ij,k i,k p,k ip,k

j 1

λ x s θ x            i 1, 2, ,m    ,  k 1,2,3   −

=

+ = = =∑ 3  

n

j,k rj,k r,k rp,k
j 1

λ y s y                  r 1, 2, ,s      ,  k 1,2,3  +

=

= + = =∑ 3  

j,1 j,2 j,1 j,3 j,2λ 0;  λ λ 0;   λ λ 0                j 1, 2, , n  ≥ − ≥ − ≥ = 3  

i,1 i,2 i,1 i,3 i,2s 0;   s s 0;   s s 0                  i 1, 2, , m  − − − − −≥ − ≥ − ≥ = 3  

r,1 r,2 r,1 r,3 r,2s 0;   s s 0;   s s 0           r 1, 2, ,s   + + + + +≥ − ≥ − ≥ = 3  

Step 3: Ranking efficient decision-making units 
Several efficient decision-making units might exist. In order 
to rank efficient decision-making units, the decision-making 
units are assessed in relation to the decision-making units of 
the reference set. Thus, the Anderson-Peterson super-
efficiency model of the full fuzzy data envelopment analysis 
is written as follows [35]: 

min�θp,1
CRS, θp,2

CRS, θp,3
CRS� (17)                                                          (17) 

s.t. 

( ) ( ) ( )
n

CRS CRS CRS
j,1 ij,1 j,2 ij,2 j,3 ij,3 i,1 i,2 i,3 p,1 ip,1 p,2 ip,2 p,3 ip,3

j 1, j p

λ x , λ x ,λ x s ,s ,s θ x ,θ x ,θ x− − −

= ≠

+ =∑  

 ; i 1, 2, ,m    =   

( ) ( ) ( )
n

j,1 rj,1 j,2 rj,2 j,3 rj,3 r,1 r,2 r,3 rp,1 rp,2 rp,3
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= ≠
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r 1, 2, ,s =   

j,1 j,2 j,1 j,3 j,2λ 0;  λ λ 0;   λ λ 0         j 1, 2, , n  ≥ − ≥ − ≥ = 3  

i,1 i,2 i,1 i,3 i,2s 0;   s s 0;   s s 0           i 1, 2, , m  − − − − −≥ − ≥ − ≥ = 3  

r,1 r,2 r,1 r,3 r,2s 0;   s s 0;   s s 0         r 1, 2, ,s  + + + + +≥ − ≥ − ≥ = 3  

CRS CRS CRS CRS
p,2 p,1 p,3 p,2θ θ 0;   θ θ 0  − ≥ − ≥  

   Here, CRS*
p,3θ 1≥  is the super efficiency. Thus, by solving 

Phrase (17), efficient decision-making units are ranked. 
 
4. RESULTS AND DISCUSSION 

In order to validate the proposed method, a case study was 
carried out for locating a photovoltaic solar power plant. The 
study area in this research is Sistan and Baluchestan Province, 
located in the southeastern of Iran. This province covers 11 
percent of Iran’s area with an area of about 180726 km2. The 
province has a mainly warm and dry climate, while it has a 
climate diversity. The province has a latitude of 25 degrees 
and 3 minutes to 31 degrees and 27 minutes north latitude 
from the equator. In terms of geographical longitude, it has 
been located 58 to 50 degrees to 63 degrees and 21 minutes 
east longitude from the meridian. Moreover, it is very suitable 
for establishing solar power plants. 
   Given the possibility of using many criteria in locating the 
solar power plant and their effect on the performance of the 
solar power plant, the criteria considered should be 
appropriate in regional conditions [19]. The level of solar 
radiation, humidity, temperature, and evaporation affect the 
absorption and power of the power plant [35]. In addition, the 
construction of a solar power plant in different applications 
brings about different costs. The user layer reflects the way of 
using a piece of land [28]. It is important to have proper 
information on land use and distance to rivers for the 
construction of a solar power plant from the economic and 
environmental points of view [23, 36]. The height, slope, and 
direction of slope significantly affect the cost of construction 
of a solar power plant; thus, finding the height, slope, and 
direction of slope greatly reduces the cost of constructing a 
solar power plant and increases the power of generating the 
solar energy of plants. The proximity of the solar power plant 
to the main roads, power posts, and power lines reduces the 
cost of transportation of equipment to the power plant [37]. 
The proximity of power plants to the urban and rural areas 
reduces power transmission and distribution costs and reduces 
energy waste. Moreover, it is important to construct the power 
plants away from earthquake centers to ensure the security of 
the power plant equipment economically [37, 38]. In this 
research, for locating a photovoltaic solar energy system, the 
efficient criteria for locating the solar power plant were 
identified based on the previous studies and views of the 
experts in this area and using the Delphi method. Table (1) 
displays several locating studies along with the criteria 
considered for the construction of a solar photovoltaic power 
plant. 
   Questionnaire was distributed among 60 experts in solar 
power plant locating and they were asked to classify the 
criteria and express their views and opinions on the 
importance and quality of the criteria. After collecting the 
questionnaire and entering the data in SPSS software, 
Kendall’s coefficient of concordance was calculated as 0.68. 
Then, another questionnaire was designed according to the 
information extracted from the first questionnaire and 
distributed among the experts. In the second questionnaire, the 
criteria increased and changed. The value of Kendall’s 
coefficient of concordance of the second questionnaire was 
calculated as 0.87. The third questionnaire was designed and 
distributed according to the views of experts. Kendall’s 
coefficient of concordance was calculated 0.95; thus, the 
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Delphi method was stopped. Accordingly, socioeconomic, 
climatological, power generation and distribution issues, 
environmental and topographic criteria were identified.  The 
sub-criteria of each of them including the distance to the main 
roads, the distance to the rural and urban areas, the value of 

solar radiation, the average temperature, evaporation, 
humidity, distance to power lines and power posts, land use, 
distance to river, fault, slope, and height are shown in Table 
(2). 

 
Table 1. Solar PV site suitability criteria 

Criteria Sub-criteria References 
 

Climatology 
Solar irradiation [25, 39-45] 

Average temperature [6, 13, 16, 40, 43, 46-49] 
Wetland [46] 

 

Topography 
Orientation slope [6, 13, 16, 41, 47, 50-52] 

Slope [6, 13, 30, 40, 41, 46-48, 51-54] 
 
 

Economic-Social 

Distance to main roads [9, 13, 30, 39-43, 46-48, 51-53, 55-59] 
Distance to urban [6, 13, 30, 40-42, 48, 51, 52, 54, and 56]  
Population density [14, 39, 43, 58, and 60] 

Transformer substation [51] 
 

Electrical issue 
Distance to substations [13, 30, 44, 48, and 51] 
Distance to power line [6, 11, 13, 38-43, 48, 51, 52, 54, 56-58, and 61] 

Distance to village [51] 
 

Environment 
Distance to river [44, 51, 53, 55, and 62] 

Land-use [6, 40-42, 44, 50, 51, 55, 58, 60, 63 and 64]  
 
 

Table 2. Criteria and sub-criteria identified for solar power station locating 

Group Climatology Environment Electrical issues Economic-Social Topography 
 
 

Criteria 

Average 
temperature Distance to river 

Distance to power 
posts 

Distance to main 
roads 

Fault 

Solar irradiation Distance to urban Slope 

Wetland Land use Distance to power 
line 

Distance to 
village 

Height 

 
   Finally, by extracting and analyzing the criteria, this paper 
considers more comprehensive criteria for locating the solar 
power plant and added two criteria of power posts and power 

lines that were not considered in the previous studies. The 
reasons and the type of effect of each of the criteria in locating 
solar power plants are shown in Table (3). 

 
Table 3. The type of effect of sub-criteria in locating the solar power plant [1, 31, and 40] 

Group Criteria Type of effect in locating 

 

Economic-Social 

Distance to main roads The proximity of solar power plant to the main roads will reduce the cost 

Distance to urban It can be used to supply power and human resource 

Distance to village It can be used to supply power and human resource 
 

 

Climatology 

Solar irradiation More solar radiation will generate more electrical energy 

Average temperature As average temperature of environment increases, the power of solar panels decreases 

Evaporation Increasing evaporation, reduces the power of solar panels. 

Wetland Increasing the humidity reduces the power of solar panels 
 

Electrical issues 
Distance to power line Proximity of power plant to power transmission lines reduces the cost 

Distance to power posts Proximity of power plant to power transmission posts, reduces the cost. 
 

Environment 
Land use It reduces the environmental damages 

Distance to river As distance of power plant to river increases, future costs will decrease 

 

Topography 

Fault As distance of power plant to fault increases, future costs will decrease 

Slope As slope is lower, the power of solar panels will be higher 

Height By increasing the height, the power of solar panels will increase 

 
   In the next step, according to the sub-criteria identified in 
the previous step, the layers of each sub-criterion were 
prepared in the GIS environment. These layers have been 

provided through the various sites and in-person visits to 
relevant departments. The layers of the fault and land use 
were obtained from the National Geoscience Database and the 
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layers of average temperature, the value of solar radiation, 
evaporation, and humidity were obtained using synoptic 
stations data of Sistan and Baluchestan Meteorology Office. 
The layers of distance to urban and rural areas, main roads and 
rivers were provided by the provincial government of Sistan 
and Baluchestan province. Moreover, the layers of distance to 
power posts and power lines were provided by the Power 
Department of Sistan and Baluchestan province. Figure (3) 
represents the layers of the sub-criteria of locating solar power 
plant. 
   In order to prepare the required layers for locating, first, the 
cell size (pixel size) of all the required layers has been 
considered according to the extent of Sistan and Baluchestan 
province with the size of 500 × 500 meters. The imaging 
system of the above layers has been UTM Zone 41 with WGS 
1984 datum which is metrical. All software calculations have 
been performed in GIS software (GIS 10.4). 
   Geo-statistical methods and techniques were used to prepare 
climate maps of the region including the maps of temperature, 
humidity, evaporation, and radiation. In this respect, in order 

to select the best type of torque and calculate the isotropic and 
anisotropic changes for interpolation, the desired parameters 
along with adding other factors such as altitude, slope 
direction, and geographic latitude were prepared by Simple 
Cokriging method. By using the digital elevation model, 
firstly, the elevation classification of the province was done 
and then, the map was prepared for the slope. 
   The Euclidean Distance Command or the same as Euclidean 
interval was used to convert (main roads, urban and rural 
points, main rivers, fault, power stations, and power 
transmission lines) layers into raster layers. The land-use layer 
was also converted into the raster. 
   For zoning the final map, each layer was first classified 
according to the geographical conditions of Sistan and 
Baluchestan province and the desired priorities and was 
combined using the Weighted Sum command. The final map 
was drawn after reclassifying. Ultimately, the areas suitable 
for solar power plant construction were specified. Figure (3) 
indicates the layers of criteria. 
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Figure 3. Substrate layers for locating solar power plants 

 
As the sub-criteria unit varies in the geographic information 
system environment, all layers were first rasterized for 
locating. Then, the size of the pixels and their image system 
were homogenized. Finally, according to the characteristics of 

any sub-criteria, the classification was performed on each 
layer. Figure (4) displays the classified map of the layers of 
each of the sub-criteria in the GIS environment. 
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Figure 4. Classified sub-criteria 
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In this stage, the layers were classified using the fuzzy 
operators of the GIS environment. The values of each of the 
sites were extracted from the layers of each of the sub-criteria. 

The results of calculations of the efficiency level and the input 
surplus and the output shortage of the full-fuzzy data 
envelopment analysis method are presented in Table (4). 

 
Table 4. FFDEA relative fuzzy efficiencies and classification 

DMU Location 𝛉𝛉𝐩𝐩∗𝐂𝐂𝐂𝐂𝐂𝐂 Optimal obj.func.value phase II CRS classif. FFDEA 
1 Hirmand (1,1,1) 0.00 Efficient 
2 Zahak (0.14,0.47,0.6) 14.5 Inefficient 
3 Zabol (0.06,0.13,0.22) 7.02 Inefficient 
4 Hamon (0.05,0.16,0.29) 6.47 Inefficient 
5 Nimroz (1,1,1) 0.00 Efficient 
6 Zahedan (1,1,1) 0.00 Efficient 
7 Mirjave (0.05,0.11,0.19) 6.35 Inefficient 
8 Khash (1,1,1) 0.00 Efficient 
9 Iranshahr (0.13,0.25,0.42) 7.78 Inefficient 
10 Dalgan (0.98,0.99,0.99) 0.12 Inefficient 
11 Phanoj (0.09,0.24,0.35) 10.9 Inefficient 
12 Nikshahr (0.23,0.47,0.77) 12.4 Inefficient 
13 Ghaserqand (0.05,0.15,0.27) 8.06 Inefficient 
14 Konarak (0,0.07,0.16) 3.39 Inefficient 
15 Chabahar (0.007,0.07,0.17) 3.01 Inefficient 
16 Sarbaz (0.06,0.16,0.29) 6.33 Inefficient 
17 Mehrestan (1,1,1) 0.00 Efficient 
18 SibSuran (1,1,1) 0.00 Efficient 
19 Saravan (1,1,1) 0.00 Efficient 

 
   The first column represents the values of the efficiency 
variable of each unit of the decision-making unit. The 
decision-making units fall into three classes in terms of 
efficiency: 

i: DMUp is efficient if ( )CRS*
pθ 1,1,1=  and for all is 

( ) ( )* *
i rs 0,0,0 and for all rs s 0,0,0+ += =   

ii: DMUp has low efficiency if 
θ�pCRS* = (1,1,1), and∑ si+*m

i=1 + ∑ sr+*s
r=1 ≠ (0,0,0) 

iii: DMUp is inefficient if  θ�pCRS* ≠ (1,1,1) 

   Figure 5 represents the efficient units. 
 

 
Figure 5. efficient sites 

   Therefore, according to the values presented in Table 4 and 
Figure 5, Units 1, 5, 6, 8, 17, 18, and 19 are efficient. These 
units are coded using the Anderson-Pearson method of full 
fuzzy data envelopment analysis using MATLAB software. 
The results of the ranking of efficient units are shown in Table 
(5). 

 
Table 5. CRS FFDEA super-efficiency 

Rank *
pθ  Location DMU 

5 0.898121 Hirmand 1 
6 0.799603 Nimroz 5 
2 1.533934 Zahedan 6 
4 1.047819 Khash 8 
1 2.069703 Mehrestan 17 
3 1.523686 SibSuran 18 
7 0.597433 Saravan 19 

 
   Based on Table (5), the value of the super efficiency of 
Mehrestan city is higher than that of other cities. Thus, 
Mehrestan is ranked first in locating a photovoltaic solar 
power plant. 
 
5. CONCLUSIONS 

Fossil fuels are limited resources that supply energy for 
millions of years. Moreover, the use of fossil fuels has led to 
harmful greenhouse gas emissions such as carbon dioxide, 
which contributes to air pollution and global warming. Thus, 
due to the limitation and harmful effects of fossil fuels on the 
environment, renewable energy is a good alternative for 
energy supply. Additionally, photovoltaic solar energy is 
easily and abundantly available. Hence, solar energy is a good 
alternative to fossil fuels. Based on three economic, social and 
environmental views, this paper identified efficient sub-
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criteria for locating solar power plants. Then, in order to 
construct the solar power plant, the sites were classified and 
their efficiency was assessed and they were ranked using the 
GIS software and super full fuzzy data envelopment analysis 
method, respectively. In order to assess the model presented, a 
case study in Iran was used. A case study of this study was 

Sistan and Baluchestan province. After entering the 
geographic information of each of the sub-criteria in the GIS 
environment, the sites were identified in order to construct a 
solar power plant. Then, using the full-fuzzy data 
envelopment analysis method, the efficiency of the sites was 
calculated. 

 

 
Figure 6. Area of cities 

 
   The results of the calculations showed that Hirmand, 
Nimruz, Zahedan, Khash, Mehrestan, Sib, Suran, and Saravan 
were identified as efficient units according to the sub-criteria 
considered for the construction of solar power plant in this 
province. Therefore, according to Figure 6, approximately    
66 % of the area of Sistan and Baluchestan province with 
these sub-criteria has proper potential for solar power plant 
construction. 
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