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Abstract: Selection of suitable sites for solar power plants requires spatial evaluation taking
technical, economic, and environmental considerations into account. This research has applied
a fuzzy logic model to carry out spatial site selection for solar power plants in Markazi Province
of Iran. Geographical Information System (GIS) capabilities have been used for spatial analysis
and visualization of the research results. The suitable areas for solar power plants installation were
identified by employing Boolean logic and defining a range of selection criteria all of which were
evaluated by fuzzy functions. The raster layers of Boolean and fuzzy logic have been combined
to come up with suitable sites with solar energy potential. The results identified some areas in the
vicinity of Mahalat and Zarandineh cities as suitable for solar energy utilization. The research also
validated the employed combined method as a suitable site selection approach for solar power plants.
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1. Introduction

Solar energy is one of the most promising renewables because it is considered a consistent source of
energy that is not significantly vulnerable to seasonal weather patterns changes [1]. In addition, the output
efficiency of solar technologies has been increasing in recent years and the ability to utilize them in a variety
of locations is very favorable [2]. The demand for solar energy is increasing worldwide as countries
are following steps for sustainable development and CO, emissions reduction [3]. Solar energy can be
exploited through the solar photovoltaic (PV) and solar thermal technologies for various applications.
Solar radiation can be converted directly into electricity by using photovoltaic (PV) technology, which is
one of the potential methods that offer clean and renewable energy. Compared to CO, emissions from
coal combustion which amounts to 975 g per kilowatt-hour (kWh), the emissions from using PV is about
50 g per kWh [4]. It offers ongoing free energy and the life expectancy of solar products can be up to
30 years [4]. In recent years extensive studies were conducted on the optimal use of solar energy [5-16].
Studies have demonstrated that solar energy can roughly fulfill 1000 times the global energy requirement;
although, nowadays only 0.02% of this energy is utilized [17]. Such estimations are generally based on
the physically available solar radiation on the Earth’s surface [18]. Although the global utilization level of
solar energy has been a small fraction of its actual capacity, in recent years the investments in solar energy
have grown significantly [19].
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Europe, China, and the United States are the main investors in this field. A recent report
by Renewable Energy Policy Network for the 21st Century (REN21), however, revealed that
developing world invested more in renewable energy than rich countries for the first time in 2015 [20].
Devabhaktuni et al. [2] believe solar energy is a beneficial utility, especially for developing countries,
for several reasons, including the locations of most developing countries in regions with high
solar radiation.

Large-scale PV systems provide significant environmental advantages when compared to
conventional energy sources. In addition, it facilitates the reuse of marginal lands [21]. However,
the required area for implementing large PV systems may cause undesirable impacts on landscape,
land use, and biodiversity [22]. Preferably, these implementations should be located on unused,
low productivity lands to minimize such impacts [23]. Non-ideal locations are forests, extreme remote
areas, and the areas with instability and a high degree of existing development [24]. In order to identify
a suitable location for solar PV installation, spatial analysis with multi-criteria function and decision
support system is required. In recent years, spatial analyses of renewable energy suitability became
a popular research area [25].

Massimo et al. [26] developed a geographical information database system (GIS DB) for the
integration of solar energy in the energy planning of a wide area of central Italy to evaluate the productive
potential of the land use, estimate residential energy consumptions and assess the renewable energy
sources. De Simén-Martin et al. [27] developed an innovative Geographic Information System (GIS)
application to locate and supervise the operation of a large PV plant of 108 kWp and a small PV plant
of 9 kWp installed on a home rooftop. Their developed tool could increase control of the PV plant
performance and could help to “evaluate several PV module replacement strategies in a preventive
maintenance program”. Huld et al. [28] developed a GIS-based tool to perform geospatial analysis and
mapping of the energy output and reliability of PV mini-grid system for estimating the performance
of photovoltaic (PV) mini-grid system over large geographical areas. Carrion et al. [29] conducted
a study aimed to determine the electricity generation capacity of solar photovoltaic power plants and
to select solar energy site in Andalusia (Spain). They defined criteria with considering national parks,
land use, urban planning, slope, shadows, accessibility, radiation, sunshine hours and temperature.
Hofierka and Kanuk [30] presented a method for evaluation of photovoltaic potential in urban areas
using open source solar tools and three-dimensional modeling in an urban environment using GIS.
This radiation tool provided R.Sun solar radiation model, which was estimated using PVGIS application.
Janke [31] identified the sites with high potential for solar and wind fields in Colorado and found
suitable areas for development of solar and wind fields using multi-criteria modeling and such criteria as
wind potential, solar potential, distance to transportation lines, distance to the city, population density,
distance from heavy roads and state lands acquired using the GIS. Aragonés-Beltran et al. [32] selected
the best variable among four variables using analytic network process (ANP) by minimizing the
risk for photovoltaic power plant projects. They used twelve criteria for implementation of the
decision-making process.

In order to select the most optimal sites for new development plans including solar power plants,
it is necessary to develop a set of criteria and factors to facilitate the decision-making process. To assess
the suitability of land for the construction of photovoltaic fields, Charabi and Gastli [33] used technical
criteria including solar radiation indices, access to land and land use; economic criteria including
proximity to the distribution network and slope; and environmental criteria including sensitive areas,
hydraulic lines, and risk of dunes. Sanchez-Lozano et al. [34] categorized the criteria as environmental
including agrological capacity; geomorphological including slope, orientation, and area; location
including distance to roads, distance to power lines, distance to villages, distance to substations;
and climatic including solar irradiation potential and average temperature. In another categorization
of the criteria for photovoltaic site selection, Uyan [35] suggested environmental criteria including
distance from residential areas and land use; and economic criteria including distance from roads,
slope and distance from transmission lines. Weights can be assigned to the above criteria according to
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their importance and each of the variable and their weights may have more or less favorability in the
final decision than another [33].

To facilitate the flow of environmental information from data sources to decision-makers there is
a growing need for well-developed environmental information systems [36]. In recent years, ArcGIS software
has transformed the environmental decision-making process. It has significantly changed the organization
and management of geographical data and has improved the spatial modeling and assessment capabilities
across a range of disciplines [37—42]. The application of GIS software in the selection of the suitable sites for
new development plans can highly accelerate the decision-making with combining different data layers
in the form of different conceptual models. Based on the type of combination strategy in these models,
the type, value, and the number of data layers will be different [43].

The majority of GIS-based site suitability studies are built upon multi-criteria analysis (MCA) to
synthesize complex problems with multiple variables [44]. According to Hermann et al. [45] MCA is
“a decision-making tool used in environmental systems analysis to evaluate a problem by giving an
order of preference for multiple alternatives on the basis of several criteria that may have different
units” (p. 1788). Some methods for multi-criteria analysis include analytic hierarchical process (AHP),
analytic network process (ANP), Boolean logic, weighted linear combination (WLC), and fuzzy logic.
These methods have been used for identifying optimal sites for solar PV installation (e.g., [33-35,46—-48]).
AHP is one of the most comprehensive systems designed for multi-criteria decision-making developed
by Saaty [49]. Using this method, it is possible to formulate problems in a hierarchical fashion [38].
AHP’s main characteristic is based on paired comparisons [43]. Complex problems with multiple
criteria can be broken down into a number of one-to-one comparisons [50]. ANP, however, is a more
general form of the AHP which considers the interdependence of the included criteria [51]. “It takes the
dependence and feedback among elements into account based on the actual situation which expands
and improves AHP so that it can simulate the complex interrelationships of reality better” [52] (p. 42).
In Boolean logic, all values attributed to the criteria are reduced to either TRUE (1) or FALSE (0)
meaning that in each criterion the land is either suitable or unsuitable [53] for a particular development
plan such as solar power plant installation. In WLC, instead of absolute values of 0 or 1, importance
weights are assigned to criteria. Both Boolean and WLC methods employ discrete thresholds to define
suitability, and the values and weights are usually defined by a group of experts [54]. In both methods,
many assumptions and uncertainties are involved, while no sensitivity analysis is performed [44].
In contrast, fuzzy logic provides the possibility of more flexible analyses where there are no certain
boundaries between suitable and non-suitable [55]. The fuzzy concept in site selection studies involves
classes with continuous grades of membership ranging from 0 to 1, with 0 as the indication of absolute
falsehood showing that an area is not suitable for intended plan; 1 as the indication of the absolute
truth showing that the area is suitable, and values between 0 and 1 showing “partial membership
of suitability” [44].

Although the use of fuzzy logic for geospatial analysis offers more realistic results for
decision-making than the Boolean method [56], combining these two methods would utilize the
capabilities of both of them to provide a strong analytical tool for site selection studies using GIS.
This research intends to develop a comprehensive GIS-based Boolean-fuzzy model for site selection of
solar power plant in semi-arid regions of central Iran. Using such approach for PV siting has not been
widely studied and a research gap is lying there. Therefore, this research can shed some light on the
way the Boolean and fuzzy logics can be utilized together for solar power plant site selection.

There are great potentials for PV utilization in central and southern regions of Iran. Some studies
have investigated and quantified these potentials. Khorasanizadeh and Mohammadi [57] predicted
daily global solar radiation in four cities of Iran: Tabass, Isfahan, Kerman, and Bandarabass, which are
located in sunny regions. To assess the potential of solar energy in Iran, another study has been
carried out by Besarati et al. [58] through which they generated several solar maps of Iran and also,
they investigated the viability of PV power plants in 50 Iranian cities. Based on the results of their
work, Arak, the capital of Markazi Province, was identified as a suitable place for the installation of
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PV power plants. Estimated solar radiation in Iran is about 1800-2200 kWh/m? which is higher than
global average [59]. In terms of receiving solar radiation, Iran is a good area for deployment of solar
power plants. Thus, it is essential to identify zones where are optimal locations for the PV development
by considering economic, environmental, and technical criteria. The comprehensive framework used
in this research may be helpful for solar energy planning and policy making in other semi-arid regions.

2. Materials and Methods

2.1. Case Study

Markazi Province has an area of 29,530 square kilometers and a population over 1,413,959 people
in the latitude from 33 degrees and 30 min to 35 degrees and 35 min and a longitude from 48 degrees
and 57 min to 51 degrees in east longitude (Greenwich meridian) (Figure 1). The lowest part of the
province is the Saveh plain with a height less than 1200 above sea level and the highest point is Shobaz
Mountain (in the Rasund mountain range) with an altitude of 3388 m above sea level. Fifty percent of
the total area of the province has a temperate mountainous climate, 38% has a semi-desert climate and
12% mountainous climate. Average annual temperature is 13.7 °C, average precipitation is 209.5 mm
and average relative humidity is 46% based on 12 years annual reports of Arak station. The province
has a semi-arid climate.
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Figure 1. Location map of Markazi Province.

2.2. Criteria Selection and Data Acquisition

To select suitable sites for solar energy utilization in the study area it is required to determine
effective spatial criteria and factors on the viability of solar power plants (SPPs). The selected factors of
this research were extracted from expert opinions and previous research studies. The approaches for
GIS-based multi-criteria evaluation (MCE) traditionally utilize discrete criteria to outline suitability and
are usually defined by the opinion of anonymous expert panels [44,54] consisting university professors,
researchers, business professionals, decision-makers, authorities and stakeholders [43,60,61]. Having
a diverse panel of experts will ensure that the defined criteria are not only based on the economic,
environmental and technical principals but also meet the legal and regulatory frameworks.

The criteria used in this study are categorized into three groups: economic, environmental and
technical (Figure 2). For data acquisition, multiple data sources have been used. The required data
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have been collected from different sources such as previous studies, field studies, questionnaires,
satellite images, maps and statistical data. The utilized spatial data were 1:25,000 topographic maps
obtained from National Cartographic Center and 1:100,000 maps of the Geological Survey of Iran.
ASTER satellite image of Digital Elevation Model (DEM), land use and synoptic meteorological data
from 2010 to 2011 have also been used for the stations in desired areas.

Criteria for spatial site selection for solar plants
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Figure 2. Diagram of the integration of criteria.

2.2.1. Economic Criteria

The economic criteria selected for this research are distance to faults, distance to roads, distance to
urban and rural areas, slope, and elevation. The proximity of power plants to urban and industrial
areas plays a crucial role in the viability of SPPs because the transmission and distribution cost of
generated electricity and the network losses has a direct relation with the distance to the consumers.
On the other hand, accessibility to the transport network minimizes the operational costs of SPPs,
because proximity to the roads will reduce the transportation costs of power plants [48]. To reduce
wasting energy from the electrical grid, it is necessary to build power stations near the residential areas
and transmission lines. Developing new transmission lines increases the capital investment of SPPs
as well as destructs the environment. In this research, it is assumed that the proximity to residential
areas will ensure a shorter distance to power transmission lines. In the final selection of suitable sites,
the managers and decision-makers can select locations closer to transmission lines when deciding
between the sites with similar suitability score.

Slope and elevation are other economic criteria. Slope shows the gradient of Earth’s surface,
which can be an important factor in civil issues relevant to construction and deployment of solar plants.
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Consideration of the slopes is also effective on the reducing the civil costs of SPPs. Elevation was
considered using the topographic map showing the mountains and paved areas which are mainly in
the urban areas of Markazi Province. It is more challenging and costly to built SPPs in mountainous
and high altitude lands.

2.2.2. Environmental Criteria

Land use, distance to protected areas, and distance to rivers and water resources are among the
environmental criteria selected for this research. Land availability is a basic part of the site selection
process [35,62]. PV power plants usually need large areas that may adversely affect the environment
and the communities around it. Some areas are inappropriate for SPPs construction such as forests,
protected areas, wetlands and water resources like rivers and lakes. Land use map should be utilized
for the management and modification of natural environment into built environment such as urban
settlement, power stations, industrial zone and etc. in a sustainable way. Since the present study aims
to preserve environmental resources and reduce damage to the environment, it excludes the protected
areas and sensitive plant species from the selected sites for SPPs. The land use map was prepared and
entered into GIS environment using satellite images.

2.2.3. Technical Criteria

Several technical criteria mainly related to climatic factors could be considered for SPP site selection.
Climatic factors include temperature, precipitation, humidity, and sunshine hours. To increase the
reliability and optimize the performance efficiency of large-scale PV power plants the temperature effect
should be integrated within the process of SPPs site assessment [63]. Rainfall characteristics such as
rainy and snowy days show the amount of particular matters in the atmosphere. So, areas with high
precipitation have higher PMs which absorb and reflect shortwave radiation [48]. Relative humidity is
a measure of moisture factor such as the amount of water vapor in the atmosphere. Water vapor and
CO, are gases absorbing solar shortwave radiation. Regions with high relative humidity are not proper
to generate electricity from solar energy, due to the reduction of the rate of absorbing solar radiation by
water vapor in the air.

Various climatic factors could be considered when deciding between the candidate locations;
however, in this research, the main technical factor included in the spatial analysis is sunshine hours.
The number of sunshine hours is the most critical parameter to select the sites with enough solar
radiation for the power plant [34]. The interpolated map shows the distribution of sunshine hours and
average sunshine hours throughout the year. The areas receiving greater solar radiation throughout
the year can be identified by this generated map.

2.3. Conceptual Framework

For the spatial site selection of solar power plants, it is required to assess all points of the study
area based on the set of selected criteria. According to the conceptual framework of this research
(Figure 3), the evaluation process has two steps. At first step, by using Boolean logic and spatial data
layers, restricted areas are excluded from the Markazi Province map. For the selection of suitable
locations, the remaining areas are evaluated by fuzzy logic to have a standardized valuation of the
entire province. Regions which have more value are selected as the suitable sites for SPPs.
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Figure 3. Conceptual framework of the research.

3. Data Processing

3.1. Generation of Boolean Maps

7 of 18

The selected criteria and factors represent restrictions on the establishment of SPPs. As one of
the important steps shown in the conceptual framework (Figure 3), the areas with some restrictions
for SPP installation have been eliminated from the evaluation process. This was accomplished by the
Boolean method based on the information presented in Table 1.

Boolean logic coverts information from each input raster map into binary form 0 and 1 (true or
false). The excluded areas (restricted areas) were assigned a value of 0 while other areas (suitable
areas) are assigned a value of 1 [64]. The resulting map is a binary map because each location is either
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satisfactory or not [65]. In the end, in order to prepare final Boolean suitability map, AND operator
would be used to combine all layers to render the final potential sites [66].

Table 1. The restriction factors for the site selection of SPPs by using Boolean Model (The suitability of

the areas for each factor was defined using previous studies such as [25,34,67] and anonymous expert

opinions as explained by [44,54]). Factor maps of this table are illustrated in Figure 4.

Unsuitable Areas

Suitable Areas

Parameter Restriction Layer (Value = 0) (Value = 1)
Distance to faults Restriction map of distance to major faults x <1000 m x>1000 m
Distance to roads Restriction map of distance to sideways 1km >x>10 km 1km <x <10 km
Distance to urban Restriction map of distance to urban areas 2km > x> 20 km 2 km < x <20 km

and rural area Restriction map of distance to rural areas 500 m > x >7 km 500 m < x <7 km
Slope Restriction map of slope percentage x> 10% x < 10%
Elevation Restriction map of altitude x >2000 m x <2000 m
Land use Restriction map of agricultural and forest area buffers x <1000 m x>1000 m
Dlstanceatlzgrotected Restriction map of distance to protected areas x <300 m x> 300 m
Distance to urban Restriction map of distance to urban areas 2km > x> 20 km 2km < x <20 km
and rural area Restriction map of distance to rural areas 500 m >x >7 km 500 m < x <7 km
Distance to rives Restriction map of distance to seasonal and 500 m > x > 20 km 500 m < x <20 km

permanent rivers

3.2. Generation of Fuzzy Maps

After generating Boolean maps, they have been combined with AND operators. Based on the

conceptual framework presented in Figure 3, for further evaluating the areas identified as suitable in
the Boolean model, it is essential to compute the values of pixels based on the economic, environmental,
and technical criteria relying on fuzzy logic. Fuzzy sets refer to those sets in which memberships of some
or all members are not entirely clear. The elements are partially owned by the set. Various methods
are used to determine the membership function. In this study, numerical display method was used.
The membership degree j14(x) represents membership of x element in the fuzzy set. If membership degree
of an element in the set is equal to zero, that member is not owned by the set. If the degree of membership
of a member is equal to one, that member is owned by the set. If the degree of membership of a member
is a number between zero and one, that number represents the gradual degree of membership.

For fuzzification of map pixels, various fuzzy membership functions were applied. The membership
functions for this study are given in Table 2. These fuzzy functions have some variables that were
determined for each criterion separately. The values of variables for different criteria are given in Table 3.
In order to calculate the fuzzy membership for each pixel of the study area, the spatial data of each
criterion are plugged into the formulas (Table 2). In factor maps, the score of each pixel shows the degree
of suitability with respect to that criterion.

Table 2. Fuzzy membership functions used in the study.

0 x<a
Ascending linear (a,b) = z%z a <xx><bb
linear (a,b) = max [min(%,})/o}

1 x<a

Descending linear (a,b) = %Z a <xx><bb

2

linear (a,b) = max [min ("—4’, 1) , O}




Energies 2018, 11, 1648 9of 18

Table 2. Cont.

0 x<a
X—a b
: Triangular (a,b,¢) b—a a<x<
Triangular cx poy<o
0 x>c
Triangular (a,b,¢) = ma [mm(b—_g, E:Z),o}
0 x<a
=1 a<x<b
Trapezoidal Trapezoidal (a,b,¢,d) = 11 b<x<c
= c<x<d
0 x>d
Trapezoidal (a,b, ¢, d) = max [mm(%, 1, Zl%)f 0}

Table 3. Determined values to specify the required variables of fuzzy membership functions (the factor
maps of this table are illustrated in Figure 5).

Criteria Sub-Class Chart Type a b c d
Distance to faults Fault and mine Lmea'r 1km 6 km - -
(ascending)
Freeway Trapezoidal 2 km 4km 6 km 11 km
Distance to roads Highway Trapezoidal 1km 3 km 5km 10 km
Asphalted road Triangular 500 m 1000 m 6000 m -
Distance to urban and Urban areas Trapezoidal 2km 6 km 10 km 20 km
rural area Rural areas Trapezoidal 500 m 1500 m 2000 m 7000 m
Linear o o
Slope Slope (descending) 2% 10%
Elevation Elevation L1nea¥ 1km 2km - -
(descending)
Land use Forest, garden and Lmea.r 500 m 2000 m ) }
fields (ascending)
Distance to rivers and Rivers Trapezoidal 500 m 2000 m 10 km 20 km
lakes Lakes Trapezoidal 1km 5km 10 km 20 km
Sunshine hours Solar radiation Linear 45 kW 6 kW
u " (GHI) (ascending)  h/m2/day  h/m?/day

4. Data Integration and Analysis

Fuzzy model maps have been prepared for combination. The maps were combined using fuzzy
operators. A fuzzy operator for combining different layers was selected according to the relationship
and interaction between factors in a layer. It is not necessary to combine all the layers required for
a particular goal with a single operator. For this purpose, fuzzy inference network with different
operators is used instead of a singular operator in order to combine different layers of information.

Gamma operator is defined based on fuzzy algebraic product and fuzzy algebraic sum as follows:

v n 1—y

Hﬂ x (1=TT(1 = u(x))) )

i=1

Gamma operator with 0.5 Lambda was used to combine the environmental layers including
protected areas, distance to the river, land use, distance to water zones.

Layers of technical factors which are mainly related to climatic parameters such as sunshine
hours and the number of days with smooth air have been combined using SUM operator in which
the values of layers are increased and approximated to 1. The layers of elevation, slope, distance to
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faults, distance to population centers and the distance to available routes have been combined using
OR operator in order not to eliminate the areas that have lesser fuzzy values from the output map.
In the end, the results of inference network have been examined and the best sites for solar power
plant have been selected.

5. Results and Discussion

5.1. Boolean and Fuzzy Results

In the Boolean method, each pixel meeting the criteria listed in Table 1 was assigned a value of 1
in the raster map, while the pixels not meeting the criteria were assigned the value of 0 as shown in
Figure 4. The unfavorable areas have been eliminated from the total area of the province. According to
Table 1, the possible areas for power plant sites have been determined in the criteria layers using Boolean
logic. Based on the criteria indicated by each layer, some areas identified as unsuitable to be selected for
the SPPs installation have been excluded because of the elevation restriction. The full description of the
selection criteria are given in Table 1 and the produced maps are illustrated in Figure 4.

Fault Land use Protected areas
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Figure 4. The restricted areas eliminated by Boolean model.
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In fuzzy method ascending and descending linear, triangular and trapezoidal models have been
applied to specify the membership of each pixel in the area (Table 3). This method has been used
according to Table 2 in order to evaluate the areas of each criterion. The results of fuzzification process
for each criterion as raster layers are illustrated in Figure 5. The suitability of the pixels of the study
area has been arranged from low score in black color to high score in white color areas in the maps.

Overall, based on the nature of selected criteria, availability of data, and the specifications of the
study area, some factors were considered only in each of Boolean or fuzzy models while the majority of
factors were considered in both models. Finally, all factors analyzed in both methods were considered
in the final suitability map through the Boolean-fuzzy integration.

Fault

Land use . Sl]IlShéI'le hOl]IS‘ ,

Figure 5. Fuzzy membership values of pixels for different criteria.

5.1.1. Distance to Faults

The distance to faults is a factor that should be taken into account when selecting suitable sites
for SPPs. A site closer to a fault line is prone to higher risk of an earthquake and consequent damage.
It may pose potential or actual threats to the project activities and thus must be taken into consideration.
Although the importance of this criterion is lower than the factors such as distances to transmission
lines or roads, it still should be considered when selecting between sites [68]. Based on Table 1, the areas
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closer than 1 km to the fault lines are eliminated from the suitability map using Boolean logic. Also as
shown in Table 3, in fuzzy model two values of 1 km and 6 km distance from the fault were considered.

5.1.2. Distance to Roads

Transport is one of the most important criteria for placing industries. SPPs should not be built in
the areas with difficult access [69]. Proximity to transport lines will reduce the costs of operational
supports, equipment loading, and personnel transport [48]. Therefore, distance to roads is considered
an important factor among economic criteria because transportation cost is a common variable in
estimating economic benefits [70]. The map layer related to this factor was created using the transport
map of the study area. The lands with a distance between 1 and 10 km from the roads were assumed
as suitable using Boolean model (Table 1). In the fuzzy model, depending on the transport type several
values were considered as shown in Table 3.

5.1.3. Distance to Urban and Rural Areas

Building SPPs near urban and rural areas can cause environmental problems and negative impacts
on the future development of the residential areas [35]. On the other hand, the areas with a long distance
to residential areas are not economically favorable, because for supplying the residents’ electricity needs,
the proximity to residential areas could be important [48]. Therefore, the areas with a distance more
than 20 km and less than 2 km to urban areas and more than 7 km and less than 500 m to rural areas
were assessed as unsuitable for placing SPPs through the Boolean logic (Table 1). In the fuzzy analysis,
four values were considered for distance to urban areas as 2 km, 6 km, 10 km, and 20 km; and four values
for distance to rural areas as 500 m, 1.5 km, 2 km, and 7 km (Table 3).

5.1.4. Slope

The slope is another main factor in selecting the optimal location for SPPs. The reason is that
by an increasing slope the land potential for industrial use will be reduced [48]. The higher slope
of surface leads to higher investment and operational costs. In the Boolean analysis, the lands with
a slope less than 10% were classified as suitable (Table 1); while in the fuzzy model two values of 2%
and 10% were considered for the slope (Table 3).

5.1.5. Elevation

The elevation is one of the important factors in SPPs site selection. There is a strong correlation
between the elevation and meteorological parameters such as precipitation and temperature [71].
On the other hand, the higher regions have more potential than lowlands for solar energy because of
the receiving higher solar radiation [48]. Nevertheless, the staff and equipment transportation and
construction of SPPs get more difficult by increasing altitude above sea level; and therefore the project
costs increase [72]. For this reason, the construction of SPPs at high altitudes is not recommended.
In the Boolean model, some areas in the northwest and south of the province have been excluded
because of the elevation restriction. The areas which are less than 2000 m above sea level are considered
as suitable for SPP construction. In the fuzzy model, two values of 1 km and 2 km were defined for
the elevation.

5.1.6. Land Use

One of the most important factors for energy investment is “land use” [73] which is categorized
as an environmental factor. Land use is the main foundation of development planning, and the
distribution of diverse land use types leads to considerable constraints in the planning process [74].
Land use is a major constraint in almost every site selection project [75]. For example, a land with
excellent climate conditions for solar energy may have a lower value if the land use factor is taken into
account [76]. In this research, the land use map was used as a restriction map to avoid agricultural and



Energies 2018, 11, 1648 13 of 18

forest area with a buffer of 1 km in the Boolean model (Table 1). In the fuzzy model, two values of
500 m and 2 km were used as the distances from land uses of forest, garden, and fields (Table 3).

5.1.7. Distance to Protected Areas

There are many protected areas that can possibly be affected by human activities such as renewable
energy development. Whatever type of protection these areas need, this should be considered before
placing new projects in their vicinities and until a certain distance around them should be excluded
from the suitability maps [77]. Because of their high risk of vulnerability and their ecological values,
protected areas are considered as entirely unsuitable for building SPPs [48]. The protected areas and
a distance of less than 300 m to them were excluded from the suitability map by using Boolean Logic
(Table 1). As a result, the protected areas in the southeast parts of the province were excluded for
environmental considerations.

5.1.8. Distance to Rivers

The distance to rivers is important because of the high river density in the study area. Distance
to rivers map was built by buffering 1 to 10 km from the rivers as suitable areas using the Boolean
model. Likewise, four values were considered in the fuzzy model for the distance from rivers as
500 m, 2 km, 10 km, and 20 km; and four values for the distance from lakes as 1 km, 5 km, 10 km,
and 20 km (Table 3). These factors will ensure environmentally safe while economically favorable
power generation. In distance to rivers, only small areas are recognized as suitable for SPP installation.

5.1.9. Sunshine Hours

The number of sunny hours is an important factor that represents the amount of energy received
from the sun [48]. This factor was considered using fuzzy method for analyzing the solar radiation
(GHI) with two values of 4.5 kW h/ m?/ day and 6 kW h/ m?/ day (Table 3).

5.2. Boolean-Fuzzy Integration

The suitable areas extracted from the combination of Boolean maps have been placed on the
raster layers of fuzzy maps. Therefore, the unrestricted areas determined by Boolean overlay were
evaluated by fuzzy functions. The final map is presented in Figure 6. The map suggests best spots
inside the suitable areas in the study area. The best sites for the installation of a solar power plant in
Markazi Province are located on the border between the cities of Saveh and Zarandieh, as several sites
are identified as suitable with the maximum values of suitability in this area. Also, several sites have
been located in the western part of Saveh. These areas have proper positions in terms of fuzzy values
and proximity to the center of the province. Another appropriate site is located in the central part of
Mahalat County. This site has high fuzzy value and also, it is in the best position due to proximity to
Arak City, the capital of the province where many industrial activities requiring electrical power are
concentrated. However, the site located at the boundary between Saveh and Zarandieh has the highest
degree of suitability based on the desired criteria and fuzzy method. Other cities such as Khomein,
Ashtian, Tafresh and Komijan have some suitable sites for SPPs. Overall, two sites can be proposed
with higher priority for SPP development in the northern and southern parts of the province including
the site located in the eastern border of Saveh and Zarandieh cities and the site located in the central
part of Mahalat County.
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Figure 6. The final map resulting from integration of fuzzy and Boolean maps.

6. Conclusions

Site selection is a decision-making process to determine the optimal coordinates for a set of new
equipment within a given set of circumstances. This research proposed a comprehensive model for
spatial site selection of solar power plants in semi-arid regions. The model was designed to utilize
effective spatial factors on future performance of SPPs such as economic, environmental, and technical
ones. All required data were obtained from various resources and were processed and analyzed in
a GIS environment. The selection of sites for SPPs in Markazi Province was achieved by using Boolean
and fuzzy logic. The fuzzy logic applied in the present study is an efficient method to evaluate the
score of map pixels based on the selected criteria. Using different fuzzy operators to overlay raster
layers leads to accurate results. Similar approach is suggested in future studies to develop models
for the site selection of hybrid renewable energy plants for diverse climates. It is also suggested to
estimate the energy output potential of the selected sites and to investigate the extent to which this
potential can meet the energy demand in the study area.
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