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Effective and sustainable climate-friendly policies to reduce carbon dioxide emissions in line with the 2020
European Green Deal are necessary. Accordingly, renewable energies assumed a critical role, rendering the site
selection of these systems very crucial. The present study proposes a novel approach to the site selection of large-

g;}) scale photovoltaic (PV) plants using a combination of analytic hierarchy process (AHP) and geographic infor-
Site selection mation system (GIS). In the study, the weights of criteria used for selecting solar PV panels are adjusted according
Solar PV to the installed capacity of the PV plant. The land of cost is included as a criterion in the AHP for the first time in

PV plant site selection. Besides, a novel method called optimality-based site growing (OBSG) is introduced to
further analyze the suitable sites obtained from GIS simulations and to determine the most suitable locations of
PV farms. The proposed method is demonstrated with a case study of Tiirkiye, and the results show that the

method effectively determines the most suitable locations for large-scale PV plants.

1. Introduction

Climate-friendly policies are necessary to reduce the emissions tar-
geted in 2020 European Green Deal [17]. The most effective and sus-
tainable policies are the investments on renewable energies [12] as fossil
fuels cover over 40% of energy-related carbon dioxide emissions [47].
Among the renewable energy sources solar energy could be the best
option due to being the most abundant and not exhaustible energy
source [22]. In addition, unlike wind energy, acceptance of solar energy
by the population is very high and more preferrable than other renew-
able energy sources [13,42]. The higher acceptance of solar energy can
be attributed to concerns regarding noise pollution, visual impact, and
potential harm to wildlife caused by wind turbines, as well as the ad-
vantages of solar energy, including widespread availability, versatile
installation options, aesthetic appeal, and advancements in technology
that have improved affordability and accessibility [6]. Furthermore, the
impact of utilization of solar energy on ecosystem is trivial [22]. For
these reasons, many countries have been planning their solar energy
strategies [18]. Policy makers take into account a variety of crucial
factors when making decisions regarding the investment of solar
photovoltaic (PV) plants [3]. These factors can be categorized into
several key areas, including political, social, economic, technical, and
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environmental considerations [7]. The selection of the location of solar
PV plants should encompass all these factors [33].

Different methods have been incorporated with geographic infor-
mation system (GIS) for the optimum site selection of solar PV plants.
These methods are fuzzy logic models [15,28,48], multi-criteria deci-
sion-making (MCDM) methods such as the Analytical Hierarchy Process
(AHP) [1,10,14,19,5,34], Step-wise Assessment Ratio Analysis
(SWARA) [9], the Decision-Making Trial and Evaluation Laboratory
(DEMATEL) [37] or the Elimination and Choice Translating Reality [36]
and hybrid methods [8,15]. Across all methodologies, specific criteria
that influence the identification of favorable locales for solar PV plant
installation, as well as restricted zones where construction is not
permitted, are established. Subsequently, geospatial analyses are con-
ducted via GIS to ascertain and prioritize suitable sites. In all the
methods the criteria affecting the suitable locations as well as the
restricted zones that PV plants cannot be constructed are determined.
Then GIS works are performed to determine and rank the suitable sites.
In the present study, the AHP method is preferred due to its advantages
such as the quantification of qualitative attributes or reducing cognitive
errors [39]. Since many criteria are qualitative in the selection of suit-
able sites for PV plants, quantification of the criteria is necessary. The
AHP has also advantages over other MCDM methods. While the
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SWARA'’s capacity to identify the degree of consistency is limited, the
DEMATEL method requires large number of pairwise comparisons
[19,31]. Criteria used in the AHP method are determined considering
the studies in the literature, expert opinions, and special characteristics
of the study area.

Although the number of studies for the site selection of PV plants is
high [10,43,44,46], there are limited number of studies focusing on the
site selection for large-scale solar PV farms, typically characterized by
solar power plants that produce a minimum of 5 MW of energy [3,4,23].
In [26], the suitable sites for large ground-mounted PV plants were
located with the help of a GIS tool and an artificial neural network
(ANN) for Piedmont region of Italy. Instead of using the data in the
literature or conducting a survey analysis, technical documents were
used while defining the criteria affecting the site selection process.
[24,25] investigated suitable areas for the large-scale PV plants using
the AHP method incorporating with GIS in a case study for Eastern
Morocco. The method they used is appropriate for PV plants indepen-
dent from the installed capacity and no manipulation was proposed to
deal with large-scale PV plants. Similarly, [33] used MCDM and GIS
tools to select the best locations for implementation of large-scale PV
plants in Brazil. The effect of the size of PV plants is included in the
criteria selection process using the systematic review of the literature
proposed in [32]. A ranking from the best to the worst area for the large-
scale PV plants was generated and the areas were classified according to
this ranking. The results they found were the areas instead of pixels
mainly due to the tool calculating the relative proximity to the ideal
solution among various alternatives, so that the locations where large-
scale PV plants can be constructed were clearly shown. In [41],
possible sites for large-scale wind and solar farms were selected for Israel
using AHP-GIS method. Solar appropriate sites less than 5 km? were
excluded from the analysis results so that larger sites to locate large-
scale PV plants were obtained. As can be seen, in previous studies
there were attempts to find large areas to construct large-scale PV plants.
In the present study, a novel method is proposed to find the most suit-
able locations for large-scale PV plants.

In this study, the AHP method is used to prioritize the criteria and
GIS is preferred to select the suitable sites of large-scale PV plants. The
main novelties of the present study can be pointed out as: Firstly, the
weights of criteria used for selecting large-scale solar PV panels are
adjusted based on the installed capacity of the PV plant. The relative
importance of certain criteria varies depending on the installed capacity.
For instance, distance to roads or transmission lines holds more signif-
icance for PV plants with lower capacity due to their higher relative
costs compared to the total cost. On the contrary, as the capacity in-
creases, the weight assigned to the land cost constraint increases due to
the higher construction cost of the PV farm. Secondly, the land cost is
included in the criteria list of the site selection of large-scale PV plants
for the first time. The land cost is especially important when the installed
capacity is higher while it may not be considered when the installed
capacity is low. Finally, a novel method called as optimality-based site
growing (OBSG) is proposed. In OBSG method, the suitable sites ob-
tained from GIS simulations are further analyzed and the pixels showing
the suitable areas are combined with the help of an optimality condition.
Therefore, the most suitable locations of large-scale PV farm can be
found. In addition, the method ranks the suitable locations by deter-
mining sequential optimum locations.

2. Methodology
2.1. Site properties

Izmir is a city located in western Tiirkiye, on the Aegean coast at the
geographical coordinates of 37° 75’ and 39° 50’ N and 26° 00’ and 28°
50’ E. It is the third-most populous city in Tiirkiye, with a population of
over 4 million people. The city is situated on a large bay and is sur-
rounded by mountains, making it a popular tourist destination. The city
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has a Mediterranean climate, with mild winters and hot summers. The
temperature in izmir Province varied between 2.2 and 28 °C on a
monthly basis, on average [2]. The location of Izmir is shown in Fig. 1.

There are several solar power plants that have been built or are being
planned in Izmir, Tiirkiye. These solar power plants range in size from
small-scale rooftop installations to large-scale solar PV farms.

The reasons why izmir may be a good location to build large capacity
solar PV farms can be summarized as follows:

- High solar radiation potential: izmir has a high solar radiation po-
tential, which is necessary for the efficient operation of solar PV
farms[40]. The average solar radiation in the city is among the
highest in Tiirkiye. This high solar radiation potential makes Izmir an
attractive location for solar power generation.

Government support: The Turkish government set ambitious targets
for the country’s renewable energy sector, so renewable energy
production has increased significantly in recent years, with a three-
fold increase in the past decade. Tiirkiye has already surpassed its
goal of 38.8% of power generation from renewable sources outlined
in its Eleventh Development Plan for the years 2019-2023. The
country plans to continue promoting renewable energy and will add
10 GW of solar and wind capacity between 2017 and 2027 [20].
Growing renewable energy market: Tiirkiye’s renewable energy
market is growing rapidly [27], and there is a strong demand for
solar power. This presents an opportunity for companies to invest in
the development of large capacity solar PV farms in the country.
Proximity to major cities and industries: Izmir is a major economic
center in Tiirkiye [21], and it is home to several industries, including
textiles, food processing, and chemicals. The city’s proximity to these
industries and its large population provides a ready market for the
electricity generated by solar PV farms.

Infrastructure: Izmir has a major port and an international airport,
which makes it easy to transport solar PV equipment and compo-
nents to the site, as well as to export the electricity generated by the
solar farm. Additionally, the city has a good road network, and it is
well connected to the rest of the country [21], which facilitates the
integration of the solar power generated into the national grid.

2.2. The AHP method

The AHP method was proposed by Saaty[35]for organizing and
analyzing complex decision-making problems. In the AHP, firstly the
goal (determination of the suitable sites for PV plants) is defined. Then,
the hierarchical structure of the criteria and the pairwise comparison
matrix are established, and the comparisons are utilized by using a scale
showing the dominance of one criterion over another [34]. After that,
the elements of each column are divided by the sum of that column and
the sum of the obtained values is divided by the total number of ele-
ments in the row. Finally, consistency ratio, CR, is calculated according
to the following formula.

CI
CRfﬁ 1)
C[:ﬂmm —n (2)
n—1

where CI is the consistency index, Amqy is the principal eigenvalue and n
is the number of criteria used in the AHP process. If the value of con-
sistency ratio is less than 0.10, the inconsistency of the AHP is accept-
able.

2.3. Optimality-based site growing (OBSG)
A large-scale PV farm covers a large terrain which could consist of

different suitability evaluations. In this regard, this study proposes a
novel approach, termed OBSG, that diverges from conventional
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Fig. 1. Digital Elevation Map of izmir [16] and World Topographic Map (ESRI, USGS).

practices of simply delineating feasible locations for a large-scale PV
farm. Rather, the OBSG method defines an optimal site based on a ho-
listic consideration of the terrain covered by the farm.

In OBSG procedure, there are two optimality conditions. The first
one is the suitability evaluation result and the second one is the distance
from the geometric center which is calculated for the recent circum-
stance. Starting from a seed point on the map, the site is grown
considering these optimality conditions. The optimal site to enlarge is
selected among all possible sites adjacent to the current area. The
ranking of adjacent sites is based on the assumption of a linear corre-
lation between the optimality criteria.

In the application, the suitability map is colored differently for
restricted areas (C(x,y) = 20), 0-20% suitability (Suit= 0.1 for
C(x,y) = 121), 20-40% suitability (Suit =0.3 for C(x,y) = 191),
40-60% suitability (Suit = 0.5 for C(x,y) = 134), 60-80% suitability
(Suit = 0.7 for C(x,y) = 81, Suit = 0.1) and 80-100% suitability (Suit =
0.9 for C(x,y) = 35). A random seed point is selected on the suitability
map among the most suitable sites of which C(x,y) = 35. Then, the score
of each adjacent site is calculated dividing the suitability of the site, Suit,
by the distance, Dist, of the site from the geometric center, Pgc. The
optimal site for expansion is selected based on the highest score among
all possible adjacent sites. The enlarging process is carried out till the
necessary area, arneed is selected. The optimality score (OS) of a
randomly selected seed point can be calculated through the given
flowchart in Fig. 1.

In order to identify the best location for a PV farm, a sequence of
optimality scores is obtained by selecting new seed points and recalcu-
lating scores. The most suitable site for the PV farm is determined by
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selecting the site with the highest optimality score from among the
feasible options. To obtain a comprehensive view of the optimality
scores across the entire map, the flow chart depicted in Fig. 2 is applied
to every suitable site on the suitability map. Moreover, a sequential
optimal location can be determined by revising the suitability map in
each cycle of achievement. The OBSG method is coded using Matlab and
integrated with ArcGIS software to carry out GIS operations.

The present study focuses on solar PV panels with capacities of 250
MW, 500 MW, and 1000 MW. Analyzing the Karapinar solar PV plant in
Konya, Tiirkiye, it is observed that an approximate land area of 20 km? is
required for an approximate capacity of 1350 MW. Consequently, solar
PV plants with capacities of 250 MW, 500 MW, and 1000 MW would
need land areas of 3.75 krnz, 7.5 kmz, and 15 kmz, respectively.

2.4. Constraints and classification

Every site has its own properties. Thus, constraints should be speci-
fied accordingly. The decision criteria are typically determined by
considering the objectives of the study, the availability of the geo-
referenced database, and existing literature [3]. Based on the
commonly utilized criteria found in the literature, six constraints have
been chosen for the construction of a large-scale PV farm in izmir. These
constraints are solar radiation rate, land use, slope, distance to trans-
mission line, land cost and distance to road.

The study classifies defined constraints into two groups based on
their interrelations. Specifically, cost-based interrelations exist among
the distance to transmission line, land cost, and distance to road,
whereas site-based constraints lack such interrelations in terms of
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Select a random seed point among most suitable sites: Pseed
1,1)=x, Pseed(l,Z) =1
Define neighbor matrix:

-1 -1 0 1 110 -1
o =[50 210 % L0117 n=0 <
set arcov =1 k=k+1
FaTm(arcov,l) = Pseed(l,l), FaTm(arcov,Z) = Pseed(l,Z)
C(Farm(arcov,1),Farm(arcov,2)) =3
Set 0S=0
YES
k > arcov
Adj(L,1) = Farm(k,1) + DM(n,1) NO
Adj(l,2) = Farm(k,2) + DM(n,2)
. 2 B 2 n=n+1 n>8
Dist=~l(Adj (1) — Pec(1,1))? + (Adj(1.2) — Pec(1,2))
Adi(13) = Suit 4
j(3) = Dist NO

C(Farm(k,1) + DM(n1),Farm(k,2) + DM(n,2)) > 20

Adj(index,3) = max(Adj(:3))
C(Adj(index,1),Adj(index,2)) =3
arcov =arcov+1
Farm(arcov,1) = Adj(index,1)
Farm(arcov,2) = Adj(index,2)
0S = 0S + Adj(index,3)
k=1/l=Oandn:1
Adj(;) =0

arcov = arneed

Fig. 2. Flowchart for calculating the position and the optimality score of the PV farm.
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Fig. 3. Maps of solar radiation rate [45], land use [11] and slope.
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monetary cost. The weights assigned to each group of constraints are
determined through expert judgement. Specifically, the weights for the
site-based and cost-based groups of constraints are both set at 0.5,
indicating equal importance.

2.4.1. Solar radiation rate

Solar radiation is a crucial factor in determining the potential of a
site for solar power generation [24,25]. The amount of solar radiation
that a site receives directly affects the output of a solar power plant. In
general, sites with higher levels of solar radiation generates more elec-
tricity than sites with lower levels of solar radiation. Therefore, when
selecting a site for a solar power plant, it is important to consider factors
that may affect the amount of solar radiation the site receives such as
latitude, altitude, and the presence of nearby shading sources. As shown
in Fig. 3a, the solar radiation rate of Izmir is high making the city
favorable for PV installation.

2.4.2. Land use

Land use is a crucial factor in the site selection of solar PV farms, as it
can greatly impact the overall efficiency and cost-effectiveness of the
solar farm. Site selection should take into account the land use that is
already happening on the land. For example, if the land is being used for
agriculture, it may be more difficult to install solar panels without dis-
rupting the existing use of the land. Also, if the land is already devel-
oped, it may be more expensive to acquire and prepare the land for solar
PV installation. To define the best regions, the land use utilized from
Sentinel-2 Satellite imagery was used and shown in Fig. 3b.

2.4.3. Slope

A flat site with little to no slope is ideal for solar PV installation as it
allows for easy installation and maintenance of the panels [7]. However,
if a flat site is not available, a site with a slight slope can also be used. On
the other hand, a site with a steep slope can be more challenging to work
with and may not be the best choice for a solar PV farm. This is because,
a steep slope can cause issues with drainage and erosion and can also
make it difficult to install and maintain the solar panels. Additionally,
areas with steep slopes are not favorable due to their limited economic
viability [4]. The topography of izmir, characterized by mountains
aligned perpendicular to the sea, resulted in the creation of the slope
map shown in Fig. 3c. In the present study, restrictions were imposed on
the installation of PV panels in areas where the slope exceeds 24% [44].

2.4.4. Land cost
The cost of land can be a significant factor in the site selection of
solar PV farms as it can significantly impact the overall costs and

Land Price ($/m?)

N

Distance to transmission lines (km)

R S B
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profitability of a project. A lower land cost can make a site more
attractive to developers, as it will lower the costs of the project and
increase the potential return on investment. Additionally, land cost can
also affect the feasibility of a project, as a high cost may push the pro-
ject’s costs above the threshold for it to be financially viable. For these
reasons, the land cost, both with and without eligibility for urban
development, was calculated by considering approximate costs deter-
mined by the relevant county or district municipalities. It is important to
note that the cost of lands was obtained in text format and the average
cost of land was spatially distributed across the district polygons in the
GIS environment. Once the distribution process was completed, the
polygons were converted to raster format for further analysis. The
resultant land cost values are shown in Fig. 4a.

2.4.5. Distance to transmission line

Closer proximity to transmission lines can make it easier and less
costly to connect the solar farm to the grid, as the distance and cost of
running power lines from the solar farm to the transmission lines will be
less [38]. To address this concern, the current study incorporates the
distance to energy transmission lines as a factor in the site selection
process as shown in Fig. 4b.

2.4.6. Distance to road

The farther the site is from a road, the more expensive it will be to
transport equipment and materials to the site. Additionally, access to the
site for maintenance and repair can also be more difficult and costly if it
is located far from a road. In order to mitigate risks associated with road
accidents such as collisions and fires, it is common practice for most
studies to exclude areas located very close to roads. In the present study,
the restricted distance to the road is taken as 25 m. The vector data for
road networks, which includes highways, primary and secondary roads,
as well as rural roads and their links, were obtained from Open-
StreetMap (OSM). Distance to road was classified and its geographic
distribution is given in Fig. 4c.

2.5. Restricted areas

Restrictions should be specified correctly according to the conditions
of the site. Some restrictions are obligated by the government. In
contrast, some restrictions are specified by the experts based on the
environmental, economic and safety issues. It is not possible to build
anything on the national parks, military zones, cemeteries, forests etc. In
contrast, although it is not restricted by the government, water and
crops were restricted due to environmental effects. In addition, built
area, snow/ice, steep slopes and sites nearby the roads were also

o
N

Fig. 4. Maps of land price, distance to transmission lines and distance to roads [30].
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restricted.

2.6. Determination of weights of constraints

The constraints can be divided into two distinct categories: site-based
and cost-based. This categorization facilitates the establishment of more
objective connections between the various constraints. Initial AHP
constants of site-based and cost-based constraints are given in Table 1
and Table 2, respectively. The weights for each group (refer to Table 3
and Table 4) was determined using the conventional AHP method. The
total weight for each group was found to be 0.5, as determined through
an expert survey. The pair-wise comparison matrices shown in Table 1
and Table 2 were established for determining the criteria weights, taking
into account the reasoning and significant weights assigned to criteria in
similar studies on solar site suitability [10,29,44].

The weights of constraints in the site-based group remain constant
across different capacity levels, while those in the cost-based group are
impacted by changes in capacity. Specifically, the cost of constructing a
PV farm increases with capacity, resulting in a corresponding increase in
the weight assigned to the land cost constraint. In contrast, the cost of
constructing a power line and road for a given site remains unchanged,
resulting in a decrease in the weight assigned to these constraints as
capacity increases. These findings are summarized in Table 2, which
details the constants matrix for each level of capacity up to a maximum
of 1000 MW. The impact of capacity on the weights of constraints is
further demonstrated in Table 4, which displays the resulting weights
for each constraint at different levels of capacity. As expected, the
weight assigned to the land cost constraint increases as capacity in-
creases, while the weights of other cost-based constraints decrease. It is
worth noting that although the cost of constructing a power line and
road to a given site remains constant, the weights of these constraints
also decrease due to the condition that the summation of weights in the
cost-based group should be 0.5.

As previously stated, the weights assigned to each group in the
decision-making process were determined based on the similar studies
available in the literature and expert judgement and set at 0.5. In order
to investigate the potential impact of the capacity of the PV farm on
these weights, a survey was conducted among a panel of 50 experts.
Specifically, respondents were asked to indicate whether they believed
that the weights assigned to each group would be affected by the ca-
pacity of the PV farm. The results of the survey revealed that 40% of the
experts believed that the weights of the groups would be impacted by
the capacity of the PV farm, while the remaining 60% did not hold this
view. While the proportion of experts indicating that there may be an
impact was not deemed entirely satisfactory, the overall findings were
sufficient to suggest that the relationship between the groups would not
be undermined by an increase in the capacity of the PV farm.

Weights of each set of constraints are tabulated in Table 5. In addi-
tion, the sub-criteria of each constraint and indicators are given in the
same table.

3. Results

The AHP method was used to derive weights for each constraint in
two distinct groups — site-based and cost-based. The resulting weights,
presented in Table 5, were then utilized in a series of spatial analyses
conducted using ArcGIS software to develop suitability maps for
different capacities of large-scale PV farms. Specifically, analyses were

Table 1
AHP constants of site-based constraints.
Solar radiation rate Land use Slope
Solar radiation rate 1 2 4
Land use 0.5 1 3
Slope 0.25 0.333 1
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Table 2
AHP constants of cost-based constraints for different capacities.

Capacity Land Distance to Distance to
(MW) cost transmission line road
250 Land cost 1 2 6
Distance to 0.5 1 3
transmission line
Distance to road 0.167 0.333 1
Land cost 1 4 8
500 Distance to 0.25 1 3
transmission line
Distance to road 0.125 0.333 1
Land cost 1 8 9
1000 Distance to 0.125 1 3
transmission line
Distance to road 0.111 0.333 1
Table 3
Weights of site-based constraints.
Solar radiation rate Land use Slope
Site-based weights 0.58 0.23 0.19

Table 4
Weights of cost-based constraints.

Cost-based Land Distance to transmission Distance to
cost line road
Weights for 250 MW 0.60 0.30 0.10
Weights for 500 MW 0.71 0.21 0.08
Weights for 1000 0.79 0.15 0.06

MwW

conducted for capacities of 250 MW, 500 MW, and 1000 MW.

3.1. Suitability maps for PV farms having different capacities

In order to evaluate the differences in suitability between large-scale
PV farms with varying capacities, the suitability of farms with 250 MW,
500 MW, and 1000 MW capacities were assessed, as shown in Fig. 5(a)—
(c). As can be seen, there are slight differences between the resulting
suitability maps for different capacities. However, it is important to note
that these raw maps do not fully capture the real-world situation, as they
do not account for the capacity of the PV farm. As can be observed in the
raw suitability maps, there are regions that appear suitable for PV farm
development but are surrounded by restricted areas. These closed re-
gions may not be suitable for development considering the required
capacity of the PV farm and should be excluded even if they appear
suitable on the raw map.

Capacity-based suitability maps for farms with capacities of 250 MW,
500 MW, and 1000 MW are presented in Fig. 5(d), (e), and (f), respec-
tively. The comparative figure illustrates that the real suitable sites
(Fig. 5(d)-(f)) are significantly smaller than the raw suitability maps
(Fig. 5(a)-(c)). Moreover, the number of suitable locations decreases
considerably with increasing capacity.

The results indicate that there are large, capacitive regions in the
north and west of the Izmir province that are suitable for PV farm
development. These regions have the potential to accommodate more
than one PV farm with a capacity of 1000 MW. However, it is worth
noting that the region to the west has low suitability, while the region to
the north has partly over 80% suitability.

Table 6 presents comprehensive information on the suitability of
various areas for the construction of solar PV panels, categorized by
suitability rank and capacity-based standards as depicted in Fig. 5. The
suitability ranks are expressed as percentages, and the table includes the
corresponding areas in square kilometers for different capacity levels
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Table 5
Summary of weights of constraints and indicators of their sub-criteria.
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Site-based constraints (50%)

Cost-based constraints (50%)

Criteria Weight Sub-criteria Indicators Criteria Weight Sub-criteria Indicators
Solar radiation rate (kWh/mz/day) 58 <4 4 Land cost 60 (250 MW)71 <50 9
4-4.2 5 ($/m? (500 MW)79 50-100 8
4.2-4.4 6 (1000 MW) 100-150 7
4.4-4.6 7 150-200 6
4.6-4.8 8 200-250 5
>4.8 9 250-300 4
300-350 3
350-400 2
>400 1
Land Use 23 Water restrained Distance totransmission line 30 (250 MW)21 0-1 9
Trees restrained (km) (500 MW)15 1-2 8
Flooded veg. restrained (1000 MW) 2-4 7
Crops restrained 4-8 6
Built area restrained 8-16 4
Bare ground 8 >16 2
Snow/ice restrained
Rangeland 9
Slope (%) 19 0-3 9 Distance toroad 10 (250 MW)8 0-0.025 restrained
3-6 8 (km) (500 MW)6 0-1 9
6-9 7 (1000 MW) 1-2 8
9-12 4 2-4 7
12-24 2 4-8 6
>24 restrained 8-16 4
>16 2

(250 MW, 500 MW, and 1000 MW). Notably, when the standard AHP is
applied, approximately 77.5% of the regions are classified as unsuitable
across all capacity levels. However, the percentage of unsuitable regions
significantly increases when the capacities of the solar PV panels are
considered. This is primarily due to the minimum land requirements
associated with different capacity levels. In cases where a suitable area
enclosed within restricted regions falls short of the necessary space for
constructing a large-scale PV plant, that particular region is deemed
unsuitable in the calculations that account for capacity. Similarly, the
proportion of suitable regions decreases significantly when capacity is
taken into consideration.

The high proportion of unsuitable areas can be attributed to the in-
clusion of restricted regions in the criteria list. Further examination of
the sub-criteria reveals that these restricted zones primarily arise from
considerations related to land cover and slope. While there are a few
possible actions to reduce the number of unsuitable regions, such as
constructing solar PV farms on lands designated for agricultural use or
areas with slopes exceeding 24%, it is important to note that the gov-
ernment prohibits the installation of solar PV panels on agricultural
lands. Additionally, constructing solar PV panels in regions with slopes
higher than 24% may not be economically viable for the project.

3.2. Optimality maps for PV farms having different capacities

The suitability map and capacity-based suitability map are useful in
identifying suitable sites for large-scale PV farms. The main disadvan-
tage of these maps is that while the suitability map cannot account for
the fact that a large-scale PV farm covers a large surface on the terrain,
the capacity-based suitability map does not consider the real capacity of
the PV farm. To find the suitable sites, a spatial analysis is carried out
based on the pre-defined dimension of pixels which should be small for a
detailed analysis. However, a large-scale PV farm covers a large surface
on the terrain. After conducting a detailed spatial analysis, a set of
adjacent pixels should be selected to form the large-scale PV farm.
Disconnection between pixels or groups of pixels forming the PV farm is
unacceptable due to possible serviceability and economic consider-
ations. Besides, it is preferred to have a region of pixels close to each
other to decrease maintenance costs and increase safety in emergency
cases.
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To address this challenge, the OBSG method was developed to
determine the optimality rank of a point (pixel) on the suitability map.
The OBSG method selects the optimal pixel among the possible adjacent
pixels while growing the site to achieve a predefined PV capacity. The
optimality condition is related to both the suitability of the pixel and the
distance from the geometric center of the most recent site. This method
is applied for every suitable pixel on the suitability map of PV farms, and
the resulting map is called the optimality map.

The optimality map is different from the suitability map as it shows
the optimality rank of a pixel on which a large-scale PV farm is con-
structed with a set of adjacent pixels, while suitability map shows the
own suitability of every pixel on the map. Therefore, the optimality of a
pixel is based on the suitability of adjacent pixels. The optimality map is
more comprehensive than the suitability map for the site selection of
large-scale PV farms. Fig. 6(a), (b), and (c) depict the optimality maps of
large-scale PV farms with 250 MW, 500 MW, and 1000 MW capacities,
respectively.

3.3. Sequentially allocated optimal large-scale PV farms having different
capacities

In addition to the optimality map achieved by the OBSG method, an
alternative way of demonstrating the optimality of site selection for
large-scale PV farms is through sequential allocation. This involves
selecting the best pixel as the seeding location for each successive
allocation of a large-scale PV farm. The best pixel is determined by
applying the OBSG method to every suitable pixel on the suitability map,
resulting in the optimality rank of each pixel. The best-ranked pixel is
then chosen as the location for the next large-scale PV farm. This process
is repeated until the desired number of large-scale PV farms with the
same capacity is reached. In each successive allocation, the best new
location on the suitability map consisting existing large-scale PV farms is
found. The resultant suitable locations are given in Fig. 7.

The disadvantage of sequential allocation is that it assumes that the
optimality of pixels covered by a large-scale PV farm is the same (refer to
Fig. 7), unlike the suitability values obtained from the optimality map
(refer to Fig. 6). Besides, there are some regions remaining from the
successive large-scale PV farm allocations and these regions seem to be
unsuitable. Nonetheless, the sequential allocation method has the
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Fig. 5. Suitability maps of (a) 250 MW, (b) 500 MW and (c) 1000 MW PV farm capacities and capacity-based suitability maps of (d) 250 MW, (e) 500 MW and (f)

1000 MW PV farm capacities.

advantage of selecting the best site for each successive allocation of a
large-scale PV farm, since the previously selected area is disregarded in
the next PV selection.

The number of sequentially allocated PV farms for 250 MW, 500
MW, and 1000 MW capacities are 210, 80, and 30, respectively.
Assuming a farm with a 1 MW capacity covers an area of 15000 m?, the
total areas covered by these sequentially located PV farms are 785.5
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km?, 600 km? and 450 km? for respective capacities.
4. Conclusions and future works
The AHP method was integrated with GIS to identify suitable loca-

tions for large-scale PV farms in a case study situated in izmir, Tiirkiye.
In addition to the widely used constraints in the AHP, the land cost was
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Table 6
Standard and capacity-based suitability results.
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Suitability Rank (%) Standard (km?) Capacity-based (km?)
250 MW 500 MW 1000 MW 250 MW 500 MW 1000 MW
Unsuitable 9213 9213 (77.48%) 9213 (77.48%) 10,782 11,011 11,276
(77.48%) (90.68%) (92.60%) (94.83%)
0-20 9 25 73 3 4 33
(0.07%) (0.21%) (0.61%) (0.02%) (0.03%) (0.27%)
20-40 529 574 567 243 261 186
(4.45%) (4.82%) (4.77%) (2.04%) (2.20%) (1.57%)
40-60 1397 1246 1152 580 378 244
(11.75%) (10.48%) (9.69%) (4.88%) (3.18%) (2.05%)
60-80 707 788 837 263 218 144
(5.95%) (6.63%) (7.04%) (2.21%) (1.83%) (1.21%)
80-100 36 46 50 20 16 5
(0.31%) (0.38%) (0.42%) (0.17%) (0.14%) (0.04%)
(c) N
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Fig. 6. Optimality maps of (a) 250 MW, (b) 500 MW and (c) 1000 MW PV farm capacities.

suitability (%)

L I

LIRS B I

&> & u%

'?;\. K%

Fig. 7. Optimality ranks of sequentially allocated PV farms having (a) 250 MW, (b) 500 MW and (c) 1000 MW capacities.

included since it becomes more important in the selection of large-scale
PV sites. Besides two novel methods were proposed for selecting optimal
sites for large-scale PV farm allocations: the OBSG method and
sequential allocation. The results of the proposed methods were
compared with the suitability map obtained from the simple GIS works.
In addition, the suitability maps were modified to obtain capacity-based
suitability maps. The capacity-based suitability maps provide a more
realistic representation of suitable locations for large-scale PV farms,

taking into account the capacity of the farm. The OBSG method and
resultant optimality maps offer a more comprehensive approach to site
selection by considering both the suitability of adjacent pixels and the
distance from the geometric center of the most recent site. Sequential
allocation offers an alternative approach to selecting optimal sites, but it
assumes that the optimality of pixels covered by a large-scale PV farm is
the same. Overall, the proposed methods provide valuable insights for
selecting suitable and optimal sites for large-scale PV farms.
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As a limitation of the proposed method, it should be noted that
during the sequential allocation of solar farms with the same capacity,
some regions may be absent from the allocation process due to not
meeting the minimum area requirements of the same capacity. It is
crucial to understand that the purpose of this sequential allocation is to
rank sites exclusively for farms with the same capacity. Therefore, the
absence of certain regions in the allocation does not imply their un-
suitability for solar farm development. It simply indicates that these
missing regions are not suitable for solar PV farms with the same ca-
pacity being considered in the allocation process. In addition, the pre-
sent study focused on investigating solar PV farms with capacities of
250, 500, and 1000 MW. It is crucial to conduct an investigation based
on the specific capacity requirements of each individual project.

Future research could focus on further investigating restriction
zones, particularly slopes, and exploring the suitable areas when solar
PV farms are constructed on lands with higher slopes as technology
advances. Furthermore, it may be helpful to utilize various Computa-
tional Fluid Dynamics (CFD) software ([49]), to determine regions that
may be susceptible to natural hazards like floods, dam-breaks, or land-
slides. Then, these regions can be excluded from consideration when
determining suitable sites for solar PV farms. Additionally, an intriguing
aspect to consider would be incorporating carbon dioxide emissions
resulting from the transportation of solar PV farms into the decision
criteria list.
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