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Abstract: This study investigated the prioritization and ranking problem of the appropriate locations
at which to deploy solar photovoltaic (PV) farms. Although different Multicriteria Decision Making
(MCDM) methods can be found in the literature to address this problem, a comparative analysis of
those methods is missing. The aim of this study is to compare four different MCDM approaches to
evaluate and rank suitable areas for the deployment of solar PV farms, with the island of Rhodes
(Greece) being used as an example. Feasible areas for the location of such facilities were identified
with the use of Geographical Information Systems (GIS), by applying certain exclusion criteria found
either in the national legislative framework or in the international literature. Data were obtained from
Greek open geospatial data. The feasible sites were evaluated and ranked using four different MCDM
methods: the Analytical Hierarchy Process (AHP), the Technique for Order Preference by Similarity
to Ideal Solution (TOPSIS), the VIKOR (VIseKriterijumska Optimizacija I Kompromisno Resenje),
and the PROMETHEE II (Preference Ranking Organization METHod for Enrichment of Evaluations)
method. The best alternative rated according to three TOPSIS, VIKOR and PROMETHEE is site (S2).
The second-best alternative in the above three methods is site (S1), while the worst is site (S3). The
best alternative rated according to AHP (S4) is in sixth position according to TOPSIS and in fifth
position VIKOR and PROMETHEE. The comparison demonstrated that different MCDM techniques
may generate different ranks. The simultaneous use of several MCDM methods in energy siting
problems is considered advantageous as it can help decision makers to select the most sustainable
sites, avoiding the disadvantages and availing the advantages of each method.

Keywords: solar photovoltaic farm; assessment criteria; AHP; TOPSIS; VIKOR; PROMETHEE II

1. Introduction

The share of renewable energy in the European Union has been almost doubled
between 2004 and 2019 [1]. Although wind and hydropower are the main sources of
renewables for gross electricity generation, solar photovoltaic (PV) has seen a significant
growth and is expected to lead electricity production from renewables in the future [1].
According to International Energy Agency (IEA) [2], “net additions in Europe are expected
to increase steadily from 21 GW in 2021 to an average of 25 GW per year between 2023
and 2025 and this trend is largely supported by an increase in policy efforts to meet
the European Union’s 2030 renewable energy target of 32% under the Renewable Energy
Directive”. Greece ranks 3rd and 5th worldwide with regard to PV contribution to electricity
needs and installed PV capacity per capita respectively and PV covers 7% of the country’s
electricity demand in 2019 [3]. The solar photovoltaic installed capacity had increased
from 202 MW in 2010 to 3247 MW in 2020, while the electricity generation had increased
from 158 GWh in 2010 to 4429 GWh in 2020 [4]. A long-term energy planning is currently
underway in Greece, having as a preliminary target for cumulative PV capacity till 2030
the amount of 6.9 GW [3].

It is evident that solar energy is important in achieving the energy transition, and
its role in power supply has become more important during the last few decades. It is a
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technology that could provide significant support to current energy technologies, allowing
reductions in the consumption of fossil fuels. An appropriate implementation of this
technology will not only allow the creation of new jobs but will also contribute to the
economic and industrial development of the areas where they are sited. On the other hand,
this technology can lead to some environmental problems such as biodiversity damage,
migration of birds, and deforestation. To avoid negative impacts, it is extremely important
to select very carefully which sites are the most suitable for deploying this technology and
to ensure balanced and sustainable development.

Geographic Information Systems can be used to find suitable locations to implement
solar energy facilities, and they can visually depict useful information (e.g., protected areas,
roads, settlements, electricity grid) through thematic layers that provide maps. The use of
GIS to solve the siting of solar energy facilities began to develop almost 15 years ago [5]
and has become more widespread since then (e.g., [6,7]).

In addition, the literature includes several multicriteria analysis methods that can
be applied to solar energy siting problems. Analytical Hierarchy Process (AHP) is highly
recommended as an evaluation method both for the assessment criteria and the alternatives,
while Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) is also a
method that stands out for solving energy problems [8]. There are many case studies
combining GIS with multicriteria decision making methods (MCDM), multi-objective
optimization methods with several objectives, or probabilistic methods in spatial planning
such as urban planning, urban infrastructure, and, during the last decade, the combination
of GIS-MCDM has been spreading to applications related to energy [9].

The main aim of the study is to perform and compare four classic multi-criteria
decision-making methods (AHP, TOPSIS, VIKOR and PROMETHEE) in solar farm siting
applications and compare their results in the evaluation and ranking suitable areas for
the deployment of solar PV farms in the Rhodes island, Greece. The criteria for selecting
these methods are to include: (i) both frequently and scarcely used MCDM methods and
(ii) methods based on pairwise comparison, scoring, and outranking. Although there have
been recently performed many studies evaluating the most appropriate sites for solar facili-
ties deployment in various countries, by combining GIS with different multicriteria analysis
methods, the application, assessment, and comparison of four different multicriteria deci-
sion methods make the application in the present study novel. There is a clear preference
of researchers to apply AHP in evaluating different alternatives and TOPSIS is also a
method used for solving energy problems [8]. However, the application of other MCDM
methods such as VIKOR and PROMETHEE is rather scarce. Similarly, in the solar PV
farm site selection problems, researchers have frequently used the AHP approach in their
methodology (e.g., of recent applications [10-15]) as well as TOPSIS method (e.g., [16-19].
Solangi et al. [20] employed F-VIKOR method, while, to the author’s knowledge, the
PROMETHEE method has not been applied in any case-study in the literature of solar PV
farm siting problem. Thus, the author performed both frequently-used and scarcely-used
classic multi-criteria decision-making methods and compared their results. To the best
of the author’s knowledge, this is the first study that compares four different MCDM
approaches to evaluate and rank suitable areas for the deployment of a solar PV farm. The
comparative analysis highlights the strengths and the weaknesses of each method and
demonstrates the benefit of their simultaneous use. In addition, the simultaneous use of
these methods is considered advantageous as it can help decision makers to select the most
sustainable sites, avoiding the weaknesses and availing the strengths of each method.

We carried out a comparison among four MCDM methods, assessed their application,
and investigated their impact on the site selection problem for the deployment of a solar
photovoltaic (PV) farm in the Rhodes island (Greece). Section 2 presents a brief overview
of MCDM methods for evaluation of site alternatives. Section 3 presents the research
methodology as well as the multicriteria analysis techniques implemented in this work.
In Section 4, the suitable areas in each Regional Unit are evaluated by four methods of
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multicriteria decision making (AHP, TOPSIS, VICKOR, PROMETHEE II). Finally, Section 5
concludes with useful remarks.

2. Overview of the Application of MCDM Methods to Site Selection for Solar
Farm Deployment

As already outlined in the introduction section, MCDM methods are a valuable
tool in solving energy spatial planning problems. Table Al in Appendix A summarizes
indicatively several case studies regarding the use of MCDM methods for the evaluation of
site alternatives for solar PV farm deployment.

More specifically, researchers have used the AHP approach frequently in their method-
ology for selecting the best locations for solar PV deployment, and the most recent ap-
plications are presented in the Appendix A (Table Al). Uyan [21] determined a land
suitability index map for the appropriate siting of solar farms in Karapinar region, Konya,
Turkey by integrating AHP and GIS. Watson and Hudson [22] assessed the suitability
of solar and wind farm deployments in a large area of southern England using GIS and
a multicriteria decision-making framework incorporating AHP and expert stakeholders’
involvement. Georgiou and Skarlatos [10] in their study at the Limassol district in Cyprus,
employed the AHP to estimate the criteria weights in order to evaluate land suitability
for the ideal photovoltaic solar power plant site. Ali et al. [6] used GIS and AHP to assess
various physiographic, environmental and economic siting criteria to produce suitability
maps and identify the most appropriate areas to site utility-scale wind and solar farms
in Songkhla, in southern Thailand. In the Regional Unit of Rethymno, Greece, Giamalaki
and Tsoutsos [12] used GIS and the AHP method to develop a dynamic methodology for
locating sustainable siting areas for PV and CSP farms. Colak et al. [13] used GIS and AHP
to determine the best places for solar PV power plant installation in Malatya Province,
Turkey, and assessed their feasibility and efficiency for the entire country. Ruiz et al. [23]
integrated an Analytic Hierarchy Process (AHP) based Multi Criteria Decision Analysis
(MCDA) algorithm into a Geographical Information System (GIS) program to create a tool
for the evaluation of site-suitability for solar power facilities in West Kalimantan Province,
Indonesia. Saraswat et al. [11] used GIS and AHP to find suitable locations for solar PV
and wind power technologies in India. Prieto-Amparén et al. [14] aimed at evaluating
site-suitability in the Desert of Chihuahua in Mexico, for the development of solar farm
by using AHP methodology integrated with GIS. In Kahramanmaras, Turkey, Giinen [24]
used a GIS with layers of satellite-derived data for energy resources as well as locally
acquired data, and AHP to choose acceptable and unsuitable areas. Albraheem et al. [15]
assessed appropriate sites for the deployment of solar energy project, by developing a
GIS-AHP-based methodology and performing a geospatial analysis of solar energy in the
Riyadh region in Saudi Arabia.

It should be noted that in all studies, AHP has been used for site suitability analysis of
solar energy projects.

Kengpol et al. [25] used the Fuzzy Analytic Hierarchy Process (FAHP) and Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS) methods to examine solar
power plant sites in Thailand. Using GIS and MCDM, such as the TOPSIS approach
(to analyze the alternatives) and the AHP method, Sanchez-Lozano Lozano et al. [26]
established the optimal location to deploy a solar thermoelectric power plant on the
coast of the Region of Murcia, southeast Spain. Sanchez-Lozano et al. [17] used the
TOPSIS approach to evaluate various alternatives in order to determine the best location
for photovoltaic solar power facilities on the Murcia coast in Spain. In a case study
in Iran, Alhuyi Nazari et al. [18] selected ideal sites for photovoltaic installation. The
key choices for utility-scale PV plant installation were four alternative places, and the
optimum option was chosen using the TOPSIS approach. Ali Sadad et al. [19] proposed
an integrated methodology that combined fuzzy AHP and fuzzy TOPSIS approaches to
examine the evolution of solar energy generation in Iran. Al-Shammari [27] investigated
prospective locations in Saudi Arabia for a PV system facility using AHP and TOPSIS
methods integrated with the GIS software tool.
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Solangi et al. [20] employed the fuzzy VlseKriterijuska Optimizacija I Komoromisno
Resenje (F-VIKOR) method to prioritize 14 cities of Pakistan for solar photovoltaic (PV)
power project installation.

Other approaches include those that are less commonly used for solar technology
site selection, such as FLOWA module, DEMATEL, D-BCA and MACBETH. Charabi
and Gastli [28] developed a GIS-based spatial multicriteria evaluation approach (FLOWA
module) to determine the suitability of land in Oman for the construction of huge solar
farms. Chen et al. [29] investigated the interdependent interrelationship and influential
weights among criteria for solar farm siting using a hybrid MCDM model that included
a decision-making trial and evaluation laboratory (DEMATEL) and a DEMATEL-based
analytic network process (DANP) based on GIS. Amjad and Ali Shah [30] used Geo-
graphic Information Systems (GIS) for data collecting and mapping, as well as an unique
Density-Based Clustering Approach (D-BCA) to find and group places with significant
solar potential within Pakistan’s geographic limits. Hinestroza-Olascuaga [31] used an
MCDM technique based on the Measuring Attractiveness by a Categorical Based Evalua-
tion Technique (MACBETH) to analyze the appropriateness of probable locations in South
America for implementing off-grid solar PV plants.

3. Materials and Methods

The implementation of photovoltaic (PV) solar farms in the island of Rhodes (Greece) is
a viable option since the contribution of solar thermoelectric energy is critical to addressing
the energy objectives established for 2030. The first stage is to assess which sites are
suited for that purpose and which are not. To achieve this, GIS are used since they are
able: (i) to analyze and visualize geospatial information and (ii) to create a database
that will serve as a starting point for any decision support system. The second stage
includes the identification of the optimal locations to site a PV solar farm, considering
various environmental, economic, social, and technical aspects. It is critical not only to
find appropriate sites, but also to find the most suitable ones. MCDM methodologies
contribute to solving the above problem since they can indicate the most suitable area
for the installation of a PV solar farm. In this case, the suitable areas were evaluated and
ranked using four different multicriteria decision methods: AHP, TOPSIS, VIKOR, and
PROMETHEE 1II. All computations were performed in Excell spreadsheets. All of the above
is reflected in Figure 1.

3.1. Study Area

The island of Rhodes is the largest island of the Dodecanese group islands, southwest
of mainland Greece and north-east of Crete (Figure 2). Administratively, it forms a separate
municipality within the Rhodes regional unit, which is part of the South Aegean administra-
tive region. The island of Rhodes extends to an area of approximately 1400 km?, is shaped
like a spearhead with a coastline of approximately 220 km. Its permanent population ac-
cording to the last national official population census in 2011 corresponds to 115,490 people.
The island has a typical Mediterranean climate, with hot and dry summers and pleasant
winters with little precipitation. Its economy relies to a great extent on the tourism sector.
The island has several protected areas, many outstanding beaches and plentiful renewable
energy sources (high values of global horizontal irradiance and wind velocity).
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Figure 2. The study area [32].

3.2. Identification of Criteria and Data Sources
3.2.1. Layers of Restrictions. Obtaining Feasible Sites

In this location problem, the suitable sites were obtained using GIS and by discarding
those areas that answer to certain exclusion criteria found either in the Specific Framework
for Spatial Planning and Sustainable Development for Renewable Energy Sources (SFSPSD-
RES) [33] or in the international literature (Table 1).

Table 1. Legal restrictions.

N. Denomination of the Restrictions
EC1 Land cover
EC2 Distance from protected areas
EC3 Altitude
EC4 Distance from airports
EC5 Distance from archaeological areas
ECé6 Installation site area limitations

Land availability and land uses are a basic part of the site selection process, and the
main impact on natural areas and biodiversity is due to land occupied by the power plant
itself. The sites of agricultural land of particularly high productivity are excluded from the
analysis [33]. Since the current study intends to maintain natural resources and decrease
environmental damage, it excluded all Natura 2000 protected areas as well as a buffer zone
of 250 m around them [10]. The upper altitude limit for the candidate installation sites
was set at 1500 m [34,35] to minimize installation costs and transportation difficulties. The
minimum distance from the archeological sites was set at 200 m to avoid visual disturbances
and reflections [33]; to avoid reflections, as well as for safety reasons, a minimum distance
of 2 km from the airports was set [10]. It is worth noting that in the present work, the
criterion of the installation site area limitations was considered. The area required for a
solar production facility (farm required area) may influence the relative cost per kW of
energy, and the minimum area required for utility-scale farms for continuous solar energy
applications is 0.4 km? (100 acres), as indicated by [6,36]. For the exclusion of either small or
very large areas, sites < of 0.40 km? (100 acres) and > of 2.02 km? (500 acres) were excluded
from the analysis. The installation site area limitations were implemented considering that
to produce 1 MW and serve 200 households, an area of 35 acres is required; therefore, the
areas with the selected value range will cover much larger energy needs. In addition, the
upper limit was selected to minimize the possible adverse impacts of the project on the
environment and the communities around it.
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3.2.2. Assessment Criteria

The criteria that influence the decision and opt for one site rather than another are
defined not only through the study of the literature but also concern data availability for
the study area. These criteria include: Distance from Residential Areas (AC1), Distance
from Road Network (AC2), Distance from the Existing High-Voltage Electricity Grid (AC3),
Solar Radiation (AC4), Installation Site Area Limitations (AC5).

Distance from Residential Areas (AC1)

Considering that the site’s closeness to residential areas significantly reduces construc-
tion and power supply costs [11,24,37] and enables for more efficient utilization of existing
infrastructure [38], the proximity of the site to the population centers is considered an
advantage in this study.

Distance from Road Network (AC2)

Adequate and fully maintained roads are needed to access solar power facilities during
both construction and operational phases. Sites close to the existing road network can
minimize the cost as well as the environmental impacts associated with constructing new
roads. Access to the transportation network reduces operating expenses because proximity
to roadways reduces power plant transportation costs [35,39]. The existing road network
should be adequate for both the delivery of materials required for the deployment of solar
PV plants during the construction phase and the project’s replacement and maintenance
during the operational phase. Thus, site accessibility is recognized as an important criterion
in the process of PV farm siting in many studies (e.g., [12,40,41]).

Distance from the Existing High-Voltage Electricity Grid (AC3)

An important economic criterion is the proximity of a site to the existing high-voltage
electricity grid [42]. The closer a project is to existing power lines, the less expensive it
will be to be connected to the grid, and distribution will be accomplished with little loss
and reduced transmission costs [28,43]. Solar PV utilities with capacities less than 15 MW
require a nearby power line of 35 kV, but solar PV utilities with capacities greater than
15 MW require special high-voltage transmission lines greater than 35 kV.

Solar Radiation (AC4)

The solar potential of the site is considered an important factor in many studies thus
far (e.g., [44—46]). The size of a solar PV system’s electrical output is determined by the
intensity of its radiation. When evaluating solar PV power plant sites, selecting areas
with high solar potential contributes significantly to the desired efficiency and economic
feasibility of the project.

Installation Site Area Limitation (AC5)

Finally, the size of the candidate installation site was selected as the last evaluation
criterion. Larger sites ensure flexibility in terms of the exact installation point depending
on the conditions and in terms of the size of the project and the number of systems to
be installed.

All necessary data describing the above restrictions were obtained from the sources
listed below:

(i) administrative units, airports, archaeological areas, altitude [47]
(i) solar radiation [48]

(iii) existing high-voltage electricity grid [49]

(iv) land cover [50]

3.3. Multicriteria Decision Making

MCDM have been successfully used in many different planning processes. Although
different MCDM exist, all of them follow several certain steps: problem definition, identifi-
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cation of alternatives, criteria selection, preparation of the decision matrix, and assigning
weights to the criteria.

3.3.1. Analytical Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) was developed by Prof. Thomas L. Saaty in
1977 [51]. The AHP technique has been widely employed in solving complicated decision-
making problems, as well as in various domains for the development and analysis of user
preferences across a wide variety of application areas.

The AHP process includes the decomposition of a problem into a hierarchy with a
goal at the top of the hierarchy, criterions at the second level of the hierarchy and alterna-
tives (solutions) at the bottom of the hierarchy (third level). In AHP, each component was
compared as a binary value at each level of the hierarchy using the pairwise comparison
technique, and the relative values were appraised in accordance with the level of signifi-
cance among themselves to each other, based on a nine-point binary comparison scale that
is known as Saaty’s fundamental scale (1-9), where 1 corresponds to ‘equally important’,
3 to ‘slightly more important’, 5 to ‘much more important’, 7 to ‘far more important” and
9 to ‘extremely more important’. If the relation of importance is reverse, the index rating
should also be reversed, i.e., 1/3,1/5,1/7,1/9. The intermediate values of 2, 4, 6 and 8 can
also be used in pairwise comparison.

The method includes the following three steps:

Step 1: Create an nxn matrix, where n is the number of comparison elements. The table
expresses, through a set of w;/w; reasons, the preference of the decision maker regarding
the relative importance of one comparison element over another.

Step 2: Normalize the nxn table by dividing each value by the corresponding sum of
the vertical column to which it belongs.

Step 3: Calculate the priority vectors or weights (w) of each comparison item as an
average of the normalized values of the corresponding horizontal row.

The preceding stages are carried out at each level of the hierarchy. At the second
level, the priority vector (relative weight) displays the hierarchical ranking of criteria and
illustrates the degree of contribution of each criterion to the overall goal, while at the third
level, the priority vector of decision alternatives on each criterion displays the hierarchical
ranking of alternatives for each criterion. For example, if w;, i =1, ..., n is the relative
weight (%) of the ith criterion with respect to the goal and wai,a=1,... ,m,i=1,...,n
is the relative weight (%) of the ath alternative with respect to the ith criterion, then the
total priority (%) of the ath alternative (TPa) defining the final score of this alternative and,
therefore, its final ranking among the rest alternatives, is obtained as follows:

TPQ:Z?wi*wai,a:L...,m (1)

Pairwise comparisons involve subjective judgments. In order to assess the validity
of the decision, it is necessary to check the consistency of the comparison matrix and the
calculation of the consistency index (CI) and the consistency ratio (CR), which assess the
inconsistency of the judgments.

The consistency index (CI) is determined by Equation (2):

Amax —n
Cl=——7— 2
1 @
where the value Amax corresponds to the sum of the products of the column of each
criterion of the initial matrix (nxn) with the corresponding priority vector and the value n
in the number of evaluation criteria. The consistency ratio (CR) is calculated as the ratio of
the consistency index (CI) to the random consistency index (RI) (Equation (3)):

ol

R=—
¢ RI

®)
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where RI where is a random consistency index, and its value depends on the size of the
matrix (n x n) (Table 2) [52]. The results are correct, reliable, and significant when the
consistency ratio (CR) is less than 0.1 (CR < 0.1).

Table 2. Random index (RI) values.

n 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

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

The TOPSIS method (Technique for Order Preference by Similarity to Ideal Solution)
was developed by Hwang Ching-Lai and Yoon in 1981 [53]. The TOPSIS method is based on
the concept that in a multicriteria analysis problem, the selected alternative must be as close
as possible to the ideally best solution and as far away as possible from the ideally worst
solution. Therefore, it considers the distances from both the optimal ideal and negative
ideal solution, calculating the relative distance from them. In this way, both the optimal
and the negative ideal solutions are identified in the set of evaluation criteria. TOPSIS is
a practical and useful method for ranking available alternatives by measuring Euclidean
distances and is used several studies in solar energy planning.

The method includes the following steps:

Step 1: Create an initial assessment matrix that includes the numerical values of the
alternatives in relation to each assessment criterion.

Step 2: From the original assessment matrix, a new normalized decision matrix is
created in order to retrieve all the values of the alternatives in terms of the individual
assessment criteria on a common basis and to be able to make the necessary comparisons
between them. The normalized rating r;; is calculated as follows (Equation (4)):

Yo
rj = ——— 4)

is1 xzzj
where x;; denotes a rating of alternative i to the assessment criterion j.

Step 3: The normalized decision matrix is multiplied by the relative weight of the crite-
rion corresponding to the column, which is calculated using another method of calculating
the weight of criteria (for example, AHP). If w; is the weight of criterion j, Equation (5)
is performed.

Uij = ZU] * 7ij (5)

Step 4: Two hypothetical variables AT ko A~ are defined, which collect the maximum
and minimum possible weighted performances of each evaluation criterion, respectively.
The distinction between benefit and non-benefit (cost) functions determines the value that
the optimal ideal and the negative ideal solution receives.

Step 5: The Euclidean calculation of the distance of each alternative from the op-
timal ideal (S;") and the negative ideal choice (S;) respectively is performed using
Equations (6) and (7), respectively. The variable v;; represents the value of ith alterna-
tive corresponding to the jth assessment criterion, while V].Jr and Vj_, are the optimal ideal
and the negative ideal values of the jth criterion, respectively.

st =X (o0 )’ ©)
s = \/ v (o - Vi) @)

wherei=1,2,3,...,m.
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Step 6: The closeness coefficient of each alternative to the optimal ideal and the
negative ideal solution is calculated as follows (Equation (8)):

C= ok ®
tost4s;
wherei=1,2,3,...,m.
Step 7: The alternatives are ranked in descending order, and those that receive the
highest values of the relative proximity measure are ranked in the first places of the ranking.

3.3.3. VIKOR (VIseKriterijumska Optimizacija I Kompromisno Resenje)

The VIKOR method focuses on prioritizing a set of alternatives with conflicting criteria.
The solution is determined based on its proximity to an optimal ideal solution. Unlike the
TOPSIS method, which considers both the optimal and the negative ideal solution, the
VIKOR method focuses only on the positive ideal solution.

The decision table consists of n criteria and m alternatives, with X = f;; (A;)
method includes the following steps:

Step 1: Determine the best f]* and worst f]f performance for each criterion.

The

mxn*

For beneficial criteria, Equation (9) is used, while for non-beneficial criteria, Equation (10)
is used.

fj* = max;fi, f]f = min; fi; )
fi = minifij, fi~ = maxifi; (10)

Step 2: Determine the utility S; and regret R; measure; i =1, 2, ..., m, according to
Equations (11) and (12), where w; is the weight of the jth criterion.

Si =Y wi(ff = fi)/ (ff = £;7) (11)
R; = maxjlw;(f; — fiy) / (ff = f;7)] (12)
Step 3: Calculate the VIKOR index Q;;i=1, 2, ..., m, from Equation (13).
Qi=0(Si—5%)/(S —S)+(1—-v)(R; —R*)/(R™ —R") (13)
where §* = min;S;, S~ = max;S;, R* = min;R;, R~ = max;R;, v can take values from 0 to

1 and expresses the weight of the decision-maker’s strategy. Usually, this variable takes the
value 0.5.

Step 4: Rank the alternatives, sorting by the S, R, and Q values, from the minimum to
the maximum value and obtain the final ranking. Some researchers use only the list of Q
values to rank the alternatives [54].

3.3.4. PROMETHEE II (Preference Ranking Organization METHod for Enrichment
of Evaluations)

The PROMETHEE method was developed by Brans in 1982 [55] and further extended
by Vincke and Brans in 1985 [56]. Although when compared to other multicriteria analysis
methods, it is a very straightforward outranking approach in terms of conception and
application [57], its non-appearance and application in the literature of solar PV farm siting
problem can be understood by the unfamiliarity of the researchers with the results that
this method is capable of providing. In this study, PROMETHEE II (complete ranking)
was applied.

Step 1: Create an initial assessment matrix, which includes the numerical values of
the alternatives in relation to each assessment criterion.

Step 2: Identify the preference function for each criterion P;(a,b) for each criterion
j- There are six main types of preference forms that are often used [56], which are usual
criterion, quasi criterion, linear preference criterion, level criterion, linear preference and
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indifference area criterion, and Gaussian criterion. The preference function is used to assess
how much preference alternative a has over alternative b, and it converts the difference in
evaluations of the two alternatives into a preference degree. The value “1” denotes a strong
preference for alternative a over alternative b, whereas “0” denotes an indifferent choice
between the two alternatives. In many cases, the preference function of the usual criterion
is used as it does not add additional parameters, such as the preference and indifference
thresholds, required in other types of preference functions.

Step 3: Determine the multicriteria preference index (Equation (14)). The index I'1(a, b)
shows that the degree of a is preferred to b over all the criteria.

I1(a,b) = Z;;l w;P;(a, b) (14)

where w; is the weights associated with each criterion j, and P;(a, b) represents the function
of the difference between the evaluations of alternative a regarding alternative b. When
I1(a,b) is almost equal to 0, a weak preference of a over b is implied, while when I'l(a,b) is
almost equal to 1, a strong preference of a over b is implied.

Step 4: Calculate direction preference based on the index values of leaving flow
and entering flow. For each alternative, the leaving flow value can be calculated using
Equation (15), while entering flow value is calculated using Equation (16):

O (a) = % Y veal(a,b) (15)

1
®(a) = — Y veal(ba) (16)

The alternative with a higher value of ®*(a) and a lower value of @ (a) is the
best alternative.

Step 4: Compute net flow value. Net flow is calculated using Equation (17) and defines
the alternatives’ complete ranking:

®(a) = & (a) — & (a) a7
Step 5: Sort the alternatives based on net flow (ranking).

4. Results and Discussion

In the following sub-sections the results of the present study are presented and
discussed. After identifying the exclusion criteria that determine the appropriate locations
of solar PV facilities, the feasible sites that were candidates for further evaluation were
presented. Next, the weights of the assessment criteria that influence the location of
solar PV facilities were obtained, using the AHP method. The nine feasible sites were
ranked using the four different MCDM methods, and the results of each method were
presented. Finally, the comparative analysis of all the four MCDM methods was presented
and discussed.

4.1. Obtaining Feasible Sites
All the restrictions were defined by thematic layers (Figure 3).

4.2. Assessment Criteria Weighting

To obtain the weights of the criteria that influence the proposed problem, the Analytic
Hierarchy Process (AHP) was employed. A matrix of pairwise comparisons was created for
the assessment criteria. There is no strict protocol when performing pairwise comparisons
or assigning weighting factors between the assessed criteria. It is a subjective process
that in most cases depends either on the decision of the researchers or on the expertise of
relevant stakeholders and policymakers. In the present study, the pairwise comparisons
were performed considering: (i) the author’s expertise and experience in renewable energy
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site selection processes (e.g., [58-63]), (ii) the understanding of the author of the local
conditions and constraints of the study area and (iii) the recent literature review.

& Archeological sites, 200m buffer zone

(%) Airports, 2km buffer zone [] Airports, 2km buffer zone

[ e A -

+ 4eeet

Altitude

5

Figure 3. Indicative thematic maps of restriction criteria and feasible sites.

The total solar radiation incident on a horizontal surface (Global Horizontal Irradiance
(GHI)) is generally considered as the assessment criterion with the greatest weighting
factor in many studies (e.g., [38,46,64]). However, there are other studies in which a larger
weighting is given to other assessment criteria, such as the proximity to the existing power
grid [9]. The distance from urban areas criterion received the lowest weight value in several
studies [9,38,39].

The pairwise weight matrix for the calculation of the overall weights of the assessment
criteria and the priority weights are presented in Table 3. Although the solar radiation
(AC4) is considered to be the most important criterion since it determines the energy output
of the solar PV park, it was noted (Table 4) that in this study all the feasible sites have
exactly the same value on this criterion. Therefore, this criterion does not meet Roy’s
postulate of non redundancy in a coherent family of criteria [65] and was rejected.

Table 3. Pairwise comparisons of assessment criteria.

AC1 AC2 AC3 AC5 Priority Weight
AC1 1 1/5 1/5 1 0.083
AC2 5 1 1 5 0.417
AC3 5 1 1 5 0.417
AC5 1 1/5 1/5 1 0.083

The reasoning followed by the author for the pairwise comparisons includes the
following points: the distance from the existing high-voltage electricity grid (AC3) and
the distance from Road Network (AC2) follow are the most important criteria as they
determine several costs of the project such as installation and operation costs; the distance



Energies 2021, 14, 8371

13 of 23

from residential areas (AC1) and the installation site area limitations (AC5) are considered
last as the potential environmental impacts are very few and the social opposition of this
RES technology appears low.

4.3. Ranking the Feasible Sites

Table 4 presents the performance of each alternative (feasible site) in relation to each
assessment criterion (AC1-AC5) obtained by GIS, while Table 5 shows the ranging scores
for AC1, AC2, AC3, AC5 based on their suitability.

Table 4. Assessment matrix of feasible sites.

S1 S2 S3 S4 S5 Sé6 S7 S8 S9

AC1 (km) 2~5 2~5 1~2 2~5 2~5 1~2 2~5 2~5 1~2

AC2 (km) 1~3 1~3 <1 <1 <1 <1 1~3 <1 <1

AC3 (km) >10 >10 <3 <3 <3 <3 6~10 3~6 <3
(k\/\?}?/zinz) 1801-1900 1801-1900 1801-1900 1801-1900 1801-1900 1801-1900 1801-1900 1801-1900 1801-1900

ACS5 (acres) 208 280 120 184 104 252 293 285 194

Table 5. Ranging scores for assessment criteria.

Criterion Measurement Class Value
<1 suitable 1
1~2 moderate suitable 2
AC1 (km)
2~5 high suitable 3
>5 extremely suitable 4
<1 extremely suitable 4
1~3 high suitabl 3
AC2 (km) igh suitable
3~5 moderate suitable 2
>5 suitable 1
<3 extremely suitable 4
3~6 high suitable 3
AC3 (km)
6~10 moderate suitable 2
>10 suitable 1
100~180 suitable 1
180~260 moderate suitable 2
ACS5 (acres)
260~320 high suitable 3
320~500 extremely suitable 4

It should be noted that for the implementation of the TOPSIS and the VIKOR method,
the linguistic terms of suitability for AC1, AC2 and AC3 were converted to numerical
values, using a four-point scale (1: suitable to 4: extremely suitable), while AC4 was treated
as a quantitative criterion. For the PROMETHEE Il method, all the four criteria were treated
as qualitative ones based on the values of Table 5.

4.3.1. AHP Results

To determine the preferred order for solar PV siting, the nine feasible sites (Figure 3)
were reviewed and graded using AHP. For the aforementioned evaluation, the feasible sites
presented the decision alternatives (5S1~59), while the priority weights of the assessment
criteria AC1, AC2, AC3 and AC5 were also considered. Following the process outlined
in Section 3.2.1, the relevant weights of the decision alternatives (51~59) with regard to
each assessment criterion were quantified by comparing these alternatives pairwise with
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respect to AC1, AC2, AC3, AC5 (Appendix B). The CR values (Equation (3)) in all cases
were below 0.1, which verified the consistency of the pairwise comparisons. The relevant
weights of the feasible sites with respect to the assessment criteria are shown in Table 6.

Table 6. Relevant weights of feasible sites with respect to AC.

AC1 AC2 AC3 AC5
S1 0.146 0.051 0.022 0.061
52 0.160 0.056 0.022 0.236
S3 0.044 0.139 0.167 0.018
54 0.141 0.139 0.169 0.061
S5 0.132 0.145 0.169 0.018
S6 0.047 0.145 0.169 0.062
57 0.141 0.048 0.040 0.247
S8 0.141 0.139 0.075 0.236
S9 0.047 0.139 0.167 0.062

It is noted that S3, 56, S9 represent the less preferable areas in terms of AC1, since in
these sites, the distance from residential areas corresponds to the lowest values (1-2 km).
As for the assessment criteria AC2 and AC3, the feasible sites S3, S4, S5, S6, S8, and S9
and S3, 54, S5, S6 and S9 were considered the most preferable ones, indicating the highest
proximity to the road network and the existing high-voltage electricity grid, respectively.

Combing the relevant weights of the feasible sites with respect to each AC with
the priority weights of AC, the feasible areas S1~59 were evaluated and ranked. The
corresponding results are presented in Table 7.

Table 7. Overall prioritization of solar PV siting.

Feasible Site Preference Percentage (%) Ranking
S1 4.75% 9
S2 6.54% 8
S3 13.27% 5
S4 14.51% 1
S5 14.35% 2
S6 14.00% 3
S7 6.92% 7
S8 12.04% 6
S9 13.63% 4

4.3.2. TOPSIS Results

Using Formulas (6) and (7) for the solar PV farm site alternatives, the distance values
to the optimal ideal and the negative ideal solutions (Si* and Si~) as well as the Ci values
that exhibit the closeness coefficient of each alternative to the optimal ideal and the negative
ideal solution for solar PV alternatives are presented in Table 8.

The best alternative must have the closest value to 1; therefore, in this case, it corre-
sponds to alternative site S2. A ranking is obtained between sites as S1, 57, S8, 56, 54, S9,
S5, S3.

4.3.3. VIKOR Results

According to the VIKOR approach, the site with the lowest Q; value is favored as a
highly favorable location for the installation of a solar PV plant project. The obtained S, R,
and Q values are given in Table 9.
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Table 8. Sit, Si—, and Ci values.

Feasible Site Si* Si~ Ci
S1 0.011 0.135 0.927
S2 0.002 0.136 0.988
S3 0.136 0.002 0.014
54 0.134 0.014 0.096
S5 0.136 0.010 0.070
S6 0.134 0.018 0.121
S7 0.043 0.097 0.694
S8 0.093 0.049 0.346
S9 0.135 0.011 0.077

Table 9. S, R, and Q values.

Feasible Site Si Ri Qi
S1 0.037 0.037 0.055
S2 0.006 0.006 0.000
S3 0.993 0.417 1.000
S4 0.881 0417 0.944
S5 0.917 0417 0.961
S6 0.935 0.417 0.971
S7 0.139 0.139 0.229
S8 0.698 0.417 0.851
S9 0.960 0.417 0.983

The final feasible site ranking was performed according to the lowest value of Q. The
results recommended S2 as the best-suited site followed by S1, 57, S8, 54, S5, S6, S9, and S3,
respectively. The ordered ranking of different sites is highly significant since it represents
the best and worst sites for solar PV plant deployment.

4.3.4. PROMETHEE Results

In this solar PV siting example, the usual preference function was used for all the
AC, as they are treated as qualitative criteria [66,67]. This is the simplest of all preference
functions, as it has no thresholds and returns a binary result. If the function of the difference
between the evaluations of an alternative a regarding an alternative b is <0, then the
preference function obtains the value zero (0), while if the function of the difference
between the evaluations of an alternative a regarding an alternative b is >0, the preference
function obtains the value one (1), even if the difference is very small.

Table 10 shows the global preference degrees for each pair of alternatives. Finally,
positive, negative, and net flow ratings were computed in order to get a comprehensive
ranking of alternatives (Table 11).

The three best solutions, according to the given criteria and their weights, are alter-
native S2, followed by S1 and then S7, while 56, S9, and S3 obtained the lowest net flow
scores, respectively.

4.3.5. Comparative Results of All Methods

Multicriteria decision-making methodologies find a wide application in the problem
of solar farm siting. Several methodologies have been employed according to the structure
of decision problem and the preferences of decision maker. In this study, four different
MCDM methods were applied to highlight the advantages and disadvantages of each
method and to demonstrate the benefit of their simultaneous use.
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Table 10. Global preference degree of feasible sites.

S1 S2 S3 S4 S5 S6 S7 S8 S9
S1 0.000 1.000 0.833 0.917 0.917 0.417 0.833 0.917
52 0.083 1.000 0.917 0917 1.000 0.417 0.833 1.000
S3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
54 0.000 0.000 0.167 0.083 0.083 0.000 0.000 0.083
S5 0.000 0.000 0.083 0.000 0.083 0.000 0.000 0.083
S6 0.000 0.000 0.083 0.000 0.083 0.000 0.000 0.000
57 0.083 0.000 1.000 0917 0.917 1.000 0.833 1.000
S8 0.083 0.000 0.167 0.500 0.500 0.583 0.000 0.583

59 0.000 0.000 0.083 0.000 0.083 0.000 0.000 0.000

Table 11. Positive, negative, and net flow scores.

P+ Lo D(x)
S1 0.729 0.031 0.698
S2 0.771 0.000 0.771
S3 0.000 0.448 —0.448
54 0.052 0.396 —0.344
S5 0.031 0.438 —0.406
S6 0.021 0.458 —0.438
57 0.719 0.104 0.615
S8 0.302 0.313 —0.010
S9 0.021 0.458 —0.438

The AHP method does not include complicated and sophisticated mathematic calcu-
lations. AHP is considered one of the most suitable MCDM methods for solving energy
sector problems [68,69] and is especially applied for the selection of the best place for
energy production [70]. AHP allows, through the use of Saaty scales, the standardization
of attributes represented by different measurement units. Owing to its simplicity of ap-
plication and flexibility, AHP can be adapted to the specific requirements of each field of
application. AHP technique is well equipped for dealing with criteria of various types, such
as quantitative measurable data and qualitative subjective assessments. Another essential
advantage of the pairwise comparison in AHP is that the decision-maker deals with the
prioritization of only two options under comparison, irrespective of the other options.
However, the AHP presents three theoretical weaknesses: the rank reversal problem, the
priorities derivation method and the comparison scale [71].

The most important advantage of the TOPSIS method is that the optimal (best) alterna-
tive is not only closer to the ideal solution but is also more distant from the ideal negative
solution. The computation process is not complex, and the results are obtained easily and
can be programmed even into a simple Excel spreadsheet. The method is suitable when
the values of alternatives for each criterion do not vary very strongly [69].

VIKOR is considered an updated version of TOPSIS [72] and is described as a method
for determining the compromise ranking-list of a set of alternatives considering only the
measure of closeness to the ideal solution.

The PROMETHEE method is based on a pairwise comparison of alternatives that are
evaluated according to various criteria. These criteria can be either cost or benefit criteria.
A preference function is used for each criterion to obtain a preference degree ranging from
0 to 1. This method includes a time-consuming computation process with complicated
calculations, but works effectively with qualitative and quantitative information. Due to
the difficulties in the computation process, this method is considered to be suitable only
for experts.

The use of each method depends on the type of data availability. AHP is preferable
when qualitative data are used to describe alternatives as well as when the decision maker
is expert in the field under investigation. TOPSIS and VIKOR methods are appropriate
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when the values of alternatives for each criterion do not vary very strongly, while the
PROMETHEE method should be used by experts in order to ensure reliable results.

In this study, the final rankings exhibited both differences and similarities among
the MCDM methods (Figure 4). One outstanding result of this study is that the VIKOR
and ROMETHEE methods presented the same ranking results. In addition, although the
VIKOR method is considered an updated version of the TOPSIS method [72], these two
MCDM methods showed the same ranking in five out of nine alternatives (55.55%) (S1,
52,53, 57, S8). This outcome can be explained by the fact that in the TOPSIS method, the
solution is determined based on its proximity both to the optimal ideal solution and the
negative ideal solution, while in the VIKOR method the solution is determined only based
on its proximity to the optimal ideal solution.

Decision alternatives
TOPSIS VIKOR PROMETHEEE

Figure 4. Ranking of decision alternatives.
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O W N O

The best alternative rated according to three out of four MCDM methods (TOPSIS,
VIKOR and PROMETHEE), is (S2). The second-best alternative in these three methods is
(51), while the worst is (53). The best alternative rated according to AHP (S4) is in sixth
position according to TOPSIS and in fifth position VIKOR and PROMETHEE.

The correlations between the four different MCDM methods were additionally exam-
ined, using Kendall’s tau [73]. The correlation values are presented in Table 12 and confirm:
(i) the perfect agreement between rankings of VIKOR and PROMETHEE, (ii) a high simi-
larity in rankings between TOPSIS and VIKOR and TOPSIS and PROMETHEE and a low
disagreement between rankings of AHP and VIKOR and AHP and PROMETHEE, as well
as a moderate disagreement between AHP and TOPSIS.

Table 12. Kendall’s tau correlations between MCDM methods.

TOPSIS VIKOR PROMETHEEE
AHP —0.56 -0.39 -0.39
TOPSIS 0.83 0.83
VIKOR 1.00

5. Conclusions

The fundamental aim of this study was to assist in the site selection of solar PV farms
to be established in the island of Rhodes, Greece. Geographic Information Systems (GIS)
and four multicriteria decision-making methods (AHP, TOPSIS, VIKOR and PROMETHEE)
were used to evaluate and hierarchically rank the feasible sites for solar farm siting in
Rhodes island, Greece. This is the first suitability research for deployment of solar PV
farms in the study area.
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Although, the application of MCDM methods for solving complex problems in the
renewable energy selection field (e.g., ranking feasible sites, energy technologies, energy
projects) according to various aspects and criteria provided a reliable solution approach,
every multicriteria method has its advantages and disadvantages and may lead to different
results. The comparison of different MCDM in energy planning can be hardly found in the
existing literature. To avoid disadvantages and to avail the advantages of the methods, the
simultaneous use of several methods would be advantageous.

The paper provides energy policy makers and relevant authorities with a list of feasible
sites, with their sizes ranging between 0.42 and 1.19 km? located in the island of Rhodes
(Greece). AHP method recommended 54 (Attavyros) as the most sustainable site, while 52
and S1 (Southern Rhodes) were also favorable sites according to three out of four methods
(TOPSIS, VIKOR and PROMETHEE). The top four feasible sites for deploying solar farm in
the Rhodes island (Greece) in these three MCDM methods are S2, S1, S7, S8.

The results of this study are in line with two very important results that have been
already stated in previous studies [74]: (1) different MCDM techniques may generate
different ranks, and (2) there is no the best MCDM technique for all decision problems.

From the author’s point of view, the most suitable options to solve this kind of
problems are VIKOR and TOPSIS. AHP method can give reliable results when the number
of both criteria and alternatives are quite limited but becomes more complicated as criteria
and alternatives increases, as it includes pairwise comparisons. Therefore, the use of
pairwise comparison methods is considered appropriate in this study, as the number of
alternatives and criteria are quite limited, and this makes the number of comparisons easy
to carry out.

The present study offers a potential solution to the complexity of the decision-making
process in the renewable energy sector and provides a scientifically validated resource to de-
ploy solar PV farms that are more environmentally friendly, cost effective, and sustainable
for decision makers, planners, and investors.

One limitation of the use of MCDM methods in energy siting planning is that they
may guide decision-makers to a solution that works best under their jurisdiction. In the
current study, the results were built upon author’s expertise and opinion in the assessment
criteria weighting. The use of MCDM techniques could be improved by including relevant
social criteria or/and by garnering information about social perception of renewable energy
sources issues at the individual community level.

Another limitation of this study is the definition of the preference function in the
PROMETHEE. The use of different types (e.g., quasi criterion, linear preference criterion,
level criterion, linear preference and indifference area criterion, and Gaussian criterion) pref-
erence function for one or more AC may lead to different final ranking of the feasible sites.

Regarding future work related to this study, different methods to evaluate AC (e.g., entropy)
could be performed. Economic studies could also be considered to enhance the alternatives’
assessment from an economic point of view. In addition, the involvement and participation
of local residents could be encouraged, at least in providing weights for the assessment
criteria, contributing to the social acceptability of RES projects.
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Appendix A

Table A1 presents relevant information (defined goal, study area, nature and number

of assessment criteria and final output or number of alternatives) from selected case studies
on solar farm siting.

Table Al. Use of MCDM methods in evaluation of solar farm siting.

Year of . . Nature and Number of Number of Alternatives
MCDM References Publication Aim/Scope Location Assessment Criteria (Outputfinal Results)
21] 2013 suitable site selection for Karapinar region, Environmental (2), land suitability
solar farms Konya/Turkey Economic (3) index map
regional assessment of . .
the suitability for wind South Central Technical (2.)’ Visual (2), wind and solar
[22] 2015 Ecological (1), s
farm and solar farm England, UK E i (2 suitability maps
developments conomic (2)
lgng;glltalﬂlclgn?;ttgfe Technical (3), Financial (1),
[10] 2016 I;hotov}z)ltaic solar Limassol district, Cyprus Financial / Technical (2), suitability index map
power plants Social (1)
ideal sites to locate Physiographic (4), wind and solar
[6] 2019 utility-scale wind and Songkhla, Thailand Environmental (5), it bﬁit m a
solar farms Economical (3) Stutabiiity maps
high priority sustainable . . Environmental (3), Lo
[12] 2019 siting areas for PV and Regional Unit of Financia/Technical (6), priority maps folr‘PV and
CSP farms Rethymno, Greece Social (1) * CSP farm siting
AHP
optimal solar Malat Environmental (3), 34 suitable areas for the
[13] 2020 photovoltaic power Provinacea %Ijrke Financial/Technical (6), establishment of solar
plant sites ’ Y Social (1) * (PV) power plants
. S . highly suitable areas for
site-suitability . Climatology (3),
[23] 2020 assessment of solar Wes.t Kahmantan‘ topography (3), proximity the deployment of solar
lants Province, Indonesia to location (3) power plants under
powerp three approaches
suitable sites for the Technical (4), wind and solar farm
[11] 2021 installation of solar and India Socio-Environmental (5), suitability maps
wind farms Economic (4) " y map
) site-suitability for solar Desert of Environmental (1), s
(4] 2021 farm deployment Chihuahua, Mexico Financial/Technical (9) * solar suitability maps
[24] 2021 optimal Slftfinfl(;r solar PV Kahramanmaras, Turkey Geograﬁi};(lftii)(;r(liz;r)nate @) solar suitability maps
site suitability of Riyadh region, Climatology (2), I,
[15] 2021 solar PV Saudi Arabia Orography (2), Location (3) solar suitability maps
avoid flood on solar G Chma}tle. (41)’(5)
[25] 2013 power plant Thailand T cograpmuca’ (o), 3 sites
ite selection 'ransportatlon 4),
s Environment (3), Cost (3)
optimal sites to implant Environmental (1),
[26] 2015 solar thermoelectric Murcia region, Spain Origraphy (3), Location (4), 33 alternatives
power plants Climatology (2)
. . Environmental (1), VT
[17] 2016 sct))lea Srtpl)(}f;zggi;?cbfglrﬁs Murcia region, Spain Origraphy (3), Location (4), (nurlr?errr;?l?;iiiizzsves)
Climatology (2)
select the most Sofl},jclh?[jocuilct;lr?él)(l)’
appropriate option for &) ’ .
TOPSIS [18] 2018 PV Iran Economic (1), 4 alternatives
ower plantinstallation Ecological (1), Political
P P factors (2)
Social barriers (3),
development of Technical barriers (5),
[19] 2021 photovoltaic Iran Economical barriers (9), 6 solution alternatives
energy production Political barriers (3),
Institutional barriers (3)
optimal decision-making Climate (4), Location (4)
[27] 2021 p V) Eystem Saudi Arabia Orography (2), 17 cities
location selection Environmental (1)
. . Economic (4),
optimal site for Environment(al)(?))
VIKOR [20] 2019 solar PV power Pakistan g 14 cities

project development

Social (3), Location (4),
Climate (3), Orography (3)

* categorization is based on author’s perception.
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Appendix B

The Appendix B provides the pairwise comparison matrices of feasible sites (51~59)
with respect to assessment criteria AC1, AC2, AC3, AC5.

Table A2. Pairwise comparison matrix of feasible sites (51~59) with respect to AC1.

S1 S2 S3 S4 S5 S6 S7 S8 S9
S1 1 1 4 1 1 3 1 1 3
52 1 1 4 1 2 3 1 1 3
S3 1/4 1/4 1 1/3 1/3 1 1/3 1/3 1
S4 1 1 3 1 1 3 1 1 3
S5 1 1/2 3 1 1 3 1 1 3
S6 1/3 1/3 1 1/3 1/3 1 1/3 1/3 1
57 1 1 3 1 1 3 1 1 3
S8 1 1 3 1 1 3 1 1 3
59 1/3 1/3 1 1/3 1/3 1 1/3 1/3 1

Table A3. Pairwise comparison matrix of feasible sites (S1~59) with respect to AC2.

S1 S2 S3 S4 S5 S6 S7 S8 S9
S1 1 1 1/2 1/3 1/3 1/3 1 1/3 1/3
52 1 1 1/3 1/2 1/3 1/3 1 1/2 1/2
S3 2 3 1 1 1 1 3 1 1
54 3 2 1 1 1 1 3 1 1
S5 3 3 1 1 1 1 3 1 1
S6 3 3 1 1 1 1 3 1 1
57 1 1 1/3 1/3 1/3 1/3 1 1/3 1/3
S8 3 2 1 1 1 1 3 1 1
59 3 2 1 1 1 1 3 1 1

Table A4. Pairwise comparison matrix of feasible sites (51~S9) with respect to AC3.

S1 S2 S3 S4 S5 S6 S7 S8 S9
S1 1 1 1/6 1/7 1/7 1/7 1/3 1/5 1/7
52 1 1 1/7 1/7 1/7 1/7 1/3 1/5 1/6
S3 6 7 1 1 1 1 5 3 1
54 7 7 1 1 1 1 5 3 1
S5 7 7 1 1 1 1 5 3 1
56 7 7 1 1 1 1 5 3 1
S7 3 3 1/5 1/5 1/5 1/5 1 1/3 1/5
S8 5 5 1/3 1/3 1/3 1/3 3 1 1/3
59 7 6 1 1 1 1 5 3 1

Table A5. Pairwise comparison matrix of feasible sites (51~59) with respect to AC5.

S1 S2 S3 S4 S5 S6 S7 S8 S9
S1 1 1/5 5 1 5 1 1/6 1/5 1
S2 5 1 9 5 9 5 1 1 5
S3 1/5 1/9 1 1/5 1 1/5 1/9 1/9 1/5
54 1 1/5 5 1 5 1 1/6 1/5 1
S5 1/5 1/9 1 1/5 1 1/5 1/9 1/9 1/5
56 1 1/5 5 1 5 1 1/5 1/5 1
57 6 1 9 6 9 5 1 1 5
S8 5 1 9 5 9 5 1 1 5
59 1 1/5 5 1 5 1 1/5 1/5 1
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