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Abstract

:

Nowadays, renewable energy facilities are coming to the forefront in order to protect nature and prevent climate change. In this context, location-based analyses are carried out for the most optimal use of renewable energy resources. This study aims to identify suitable locations for photovoltaic (PV) farms in Gaziantep using the Analytical Hierarchy Process (AHP) and Geographic Information System (GIS) technologies. The research incorporates various criteria, including solar radiation, land use, slope, aspect, distance to road, fault line proximity, distance to powerlines, and wind speed to evaluate potential sites for solar energy production. The AHP method is applied to prioritize these criteria through a pairwise comparison matrix and to calculate the weight values for each factor. The analysis reveals that approximately 80% of Gaziantep’s land is suitable for PV farm installation, with the southern region being the most favorable. Furthermore, the comparison between existing PV installations and the identified suitable areas highlights a high degree of alignment, with most of the current PV farms located in areas classified as suitable or highly suitable. Additionally, it was determined that 92% of the existing PV farms have been established within suitable areas. This indicates a high alignment between the identified suitable zones and the locations of the current PV installations, reflecting an effective site selection process based on the applied criteria. The study concludes that GIS-based AHP is an effective tool for rapid and reliable decision-making in renewable energy site selection, offering a valuable approach for future solar energy projects in Gaziantep and similar regions.
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1. Introduction


Solar energy has emerged as a cornerstone in the global transition toward sustainable energy systems, driven by the urgent need to mitigate climate change and reduce dependence on fossil fuels. Among the diverse applications of solar energy, PV farms play a pivotal role in harnessing the sun’s power on a large scale to generate electricity. PV farms, also known as solar farms or solar parks, consist of an extensive array of photovoltaic panels designed to convert sunlight directly into electricity. These installations are increasingly becoming an integral part of renewable energy portfolios worldwide due to their scalability, efficiency, and ability to supply clean energy to power grids. The efficiency and economic viability of PV farms depend significantly on the selection of suitable locations. Also, solar farms not only provide a sustainable energy source but also create opportunities for energy security, job creation, and economic development in rural and urban areas [1,2,3,4,5].



PV farms play a critical role in the transition towards sustainable energy systems, leveraging solar energy as a clean and renewable source. The selection of suitable locations for PV farm development is a multi-criteria decision-making (MCDM) process that requires consideration of various factors, including solar radiation, land availability, topography, proximity to infrastructure, and environmental impact. MCDM allows for the systematic evaluation and prioritization of multiple criteria, enabling more informed and balanced decision-making in complex scenarios. Proper site selection not only enhances the efficiency of energy generation but also minimizes operational costs and environmental challenges [6,7,8,9,10]. GIS technologies have proven to be powerful tools for spatial analysis and decision-making in renewable energy planning. By integrating spatial datasets and advanced analytical techniques, GIS facilitates the evaluation of site suitability based on multiple criteria. The Analytical Hierarchy Process (AHP), a structured MCDM method, has gained prominence in site selection studies [11,12,13,14,15,16]. The integration of AHP and GIS offers a comprehensive approach for PV farm suitability analysis by enabling the consideration of various factors, such as solar radiation, land use, topography, proximity to infrastructure, and environmental constraints. This methodology has been applied to identify ideal locations for PV farms, demonstrating its potential to support sustainable energy planning. Despite these advancements, the suitability analysis often varies by region, influenced by local climatic, geographic, and socio-economic conditions [17,18,19,20,21].



When determination of suitable areas for PV fields with different parameters in many different national or regional areas with the AHP method was examined, it was found that 32.77% of the central region of the state of Rio Grande do Sul in Brazil was suitable for PV installations, with 453 specific sites identified [22]. In another study area, the suitability of locations for PV farms was categorized into five classes, revealing that approximately 28% of the city was suitable for such installations, as in Kayseri, Türkiye [23]. In addition to fundamental data such as solar radiation and land use/cover, which are commonly preferred for identifying suitable PV areas, parameters such as distance to power transmission lines, fault lines, roads, wind speed, annual dusty days, and others are also utilized depending on the characteristics of the study area [17,24,25,26]. To mitigate the effects of climate change, analyses of renewable energy sources using the AHP at the national level have proven effective in identifying suitable areas for both wind and solar energy. A total of 25.28% of the area was identified as suitable for large-scale PV farms, 5.93% for large-scale wind farms, and 40.02% for small-scale PV farms with twelve different datasets and using the AHP method in Pakistan. These findings demonstrate the potential for tailored renewable energy deployment, supporting sustainable energy goals and efficient land use [27]. These findings underscore the potential for targeted renewable energy development to enhance energy sustainability and reduce carbon emissions.



Moreover, the comparison of identified suitable areas with existing PV installations provides valuable insights into the efficiency of current site selection processes. Economic constraints, political influences, and land ownership issues can lead to inconsistencies between ideal and actual locations. When evaluating PV farm locations, it is important to consider both suitability analysis and real-world implementation factors. Additionally, when analyzing the spatial distribution of existing PV farms, a high correlation will be observed between the identified suitable areas and the locations of installed PV systems, when the AHP method is used to assess optimal PV farm suitability, considering environmental and infrastructural criteria and integrating factors such as solar irradiance, proximity to roads, and land use in Turkey and Greece. The growing recognition of the value of combining GIS with AHP in renewable energy site selection can ensure a more systematic and objective approach to planning [19,28,29,30].



Turkey has significant solar energy potential due to its geographical location. With approximately 31,491 solar power plants, it generates around 14–15 TWh of electricity annually, which accounts for nearly 10% of the country’s total energy production. The solar energy potential maps of Turkey, which analyze solar radiation and sunshine duration, reveal that regions such as southeast Anatolia and the Mediterranean have particularly high potential. Therefore, identifying suitable PV farm areas in these regions, based on various parameters, is crucial for energy efficiency and production [31,32].



In the literature, it is observed that different datasets are used depending on the field of study. By examining the fields of study in the literature, suitable datasets for Gaziantep were identified, and the research was conducted accordingly. It is generally indicated that, in addition to data types such as GHI, land use, topography, etc., natural disasters and weather conditions should also be considered in relation to the solar energy system. Following the earthquake that occurred in Gaziantep and surrounding provinces in February 2023, it was suggested that the distance to faults should be examined. Additionally, in the context of renewable energy systems, facility installations can be carried out without conducting GIS analyses. When considering existing facilities under AHP criteria, their suitability was examined. In this context, by addressing city-specific data, the importance of criteria datasets for improving the current situation or establishing new facilities was highlighted. This study aims to identify suitable areas for PV farm development using an AHP-GIS framework. By evaluating and prioritizing key criteria, the research seeks to provide a methodological approach that can guide decision-makers in sustainable energy planning. In addition, this study is structured to present the data sources, methodological framework, and results of the analysis, followed by discussion of their implications and potential applications. After identifying suitable areas for photovoltaic (PV) farms in Gaziantep, the relationship between these areas and the locations of existing PV installations was analyzed.




2. Dataset and Methodology


2.1. Site Properties


Gaziantep, in the southeast Anatolia region is one of Turkey’s prominent cities in terms of solar energy potential. With an area of 6222 km2, it covers approximately 1% of Turkey’s total land area. The elevation of the city center is 850 m above sea level. The Amanos Mountains have elevations rising up to 1527 m in the southwest. The region lies at the transition point between Mediterranean and continental climates. The average monthly temperatures range from 3.9 °C to 28.7 °C, with an annual average temperature of 22.3 °C. The annual total average precipitation is 601.6 mm [33,34]. Its geographical structure, characterized by extensive flat terrains, dry climatic conditions, and long sunshine durations, makes the city an attractive location for PV farms. The average sunshine duration in Gaziantep is 8.15 h, and the total solar radiation ranges between 1550 and 1800 kWh/m2 annually. These factors highlight Gaziantep’s suitability for expanding solar energy investments and harnessing renewable energy sources efficiently [31,35]. Gaziantep’s annual average sunshine duration is significantly higher than the national average in Turkey. The lowest daily sunshine duration occurred in December, with 4.38 h, while the highest was recorded in July, reaching 11.74 h. Similarly, daily average solar radiation values in Gaziantep exceed the national average. For instance, in June, the solar radiation reaches a level of 6.78 kWh/m2/day, highlighting the region’s exceptional potential for solar energy generation. These metrics underline Gaziantep’s capacity to support efficient solar energy projects and its strategic importance in renewable energy development [31]. Gaziantep’s solar energy potential, supported by its favorable climatic and geographic characteristics, positions it as a critical area for renewable energy development in Turkey. The largely flat topography of Gaziantep facilitates the installation and efficiency of PV farms [31,33,36]. By leveraging this potential, Gaziantep can play a pivotal role in advancing the nation’s transition to sustainable energy systems. Figure 1 represents the Gaziantep location based on the AHP dataset.




2.2. The AHP Method


The Analytic Hierarchy Process (AHP) is a structured decision-making methodology developed by Saaty [11]. It is widely employed in evaluating complex decision-making scenarios by breaking them into a hierarchical structure [11,37]. This method is particularly effective for renewable energy site selection due to its ability to incorporate diverse and conflicting criteria into a systematic framework [11,38]. AHP organizes decision data into a hierarchy consisting of the goal (primary objective), criteria (key factors), sub-criteria (more specific variables), and alternatives. This facilitates clear visualization and prioritization of decision components. Decision-makers perform pairwise comparisons of criteria to assign relative importance. A numerical scale (e.g., Saaty’s scale of 1 to 9) is used to express preferences quantitatively (Table 1) [11,39]. The pairwise comparison results are expressed in a matrix.



A consistency index (CI) is calculated according to the largest special amount of the matrix (λmax) and the length of the matrix (n). The CI is a crucial metric in the AHP used to assess the consistency of the pairwise comparison matrix. AHP incorporates a consistency ratio (CR) to ensure the reliability of pairwise comparisons. The CR is calculated by dividing the CI by the random consistency index (RI) based on the size of the matrix (Equation (1)) (Table 2). The RI is a coefficient to evaluate the consistency of the analysis; it is a statistical measure used to assess the consistency of a pairwise comparison matrix. The RI represents the average consistency index obtained from a large number of randomly generated reciprocal matrices. The RI provides a benchmark for assessing the CR by comparing the given matrix’s consistency against randomly generated matrices of the same order. The RI values are precomputed for different matrix sizes to calculate the CR. A CR below 0.10 is generally considered acceptable [37,40,41,42]. The method derives weights for each criterion based on the comparisons, which are used to rank the alternatives [35,43].


CI = (λ_max − n)/(n − 1), CR = CI/RI.



(1)







The criteria are combined using the weighted overlay technique, which integrates multiple layers based on their assigned weights to produce a comprehensive suitability map. Weighting of the criteria enables spatial analysis in site selection studies to have an impact on the final decision [11,15]. AHP enables the integration of diverse criteria, such as environmental, economic, and technical factors. The methodology can adapt to varying datasets and regional requirements, making it suitable for global applications. By providing a structured and quantifiable approach, AHP ensures transparency in decision-making processes [35,36].




2.3. Dataset and Criteria


Although each study area has its unique characteristics, it is observed that similar criteria are generally used for solar PV farm site selection. The criteria essential for PV farm site selection were determined by analyzing those commonly used in the literature [13,18]. Additionally, the criteria were chosen based on the available and accessible data specific to the study area. Table 3 shows the data sources and criteria. These criteria include the global horizontal irradiation, land use, slope, aspect, distance to roads, faults, and powerlines, and wind speed. These criteria collectively address technical, environmental, and economic considerations, ensuring that selected locations are both efficient and sustainable for solar energy projects. The criteria were considered in order to evaluate areas with regard to distance from disaster events, high levels of energy production, solar radiation, high winds, extent of urbanization, and avoidance of use of agricultural areas. As the city has no historical record of disasters other than earthquakes, data related to other types of disasters were disregarded. Upon reviewing the literature, threshold values for the criteria were determined. Based on these values, four sub-criteria were created, which are very suitable, suitable, less suitable, and unsuitable. In this study, the sub-criteria were developed according to the threshold values derived from literature reviews and existing data. Additionally, since the analysis was conducted with data of different spatial resolutions, the data were resampled to a 30 m spatial resolution before performing the analysis. The resolutions were determined as cell sizes while raster data were clipped according to the provincial boundary, and vector data were rasterized accordingly. Distances were calculated using vector data processed through Euclidean distance analysis based on the provided datasets. Suitability ranges were then determined by classifying these distances into categories, reflecting increasing levels of appropriateness for the intended use.



Existing PV farms were identified through an examination of 2023 and 2024 satellite imagery from Google Earth to show the relationship between suitable areas and existing PV farms. These analyses revealed that PV installations were primarily roof-top PV systems in urban areas, whereas outside urban areas, they were predominantly PV farms. Both types of PV installations data were digitized from the satellite imagery to enable a detailed spatial analysis. This approach allowed for the assessment of whether existing PV installations align with the regions identified as highly suitable for solar energy development, providing insights into the effectiveness of current site selection practices. Additionally, it supports planning for future PV projects by comparing installed capacities with geographic and environmental suitability criteria.



2.3.1. Global Horizontal Irradiation


Global horizontal irradiation (GHI) is a key criterion in the AHP for evaluating potential locations for solar energy projects. The GHI represents the total amount of solar radiation received per unit area on a horizontal surface over a specific time period, typically measured in kWh/m2/day or kWh/m2/year. The GHI consists of two primary components, which are the direct normal irradiation and the diffuse horizontal irradiation. Also, the GHI is the sum of the direct normal irradiation and the diffuse horizontal irradiation. It is a critical parameter for assessing the solar energy potential of a region because it directly impacts the amount of energy a solar power plant can generate. The GHI can be obtained from ground-based measurements, satellite-derived datasets, and numerical weather prediction models. However, due to the sparse distribution of ground stations, satellite-based datasets are widely utilized for large-scale solar energy assessments. The GHI is a crucial factor in determining the feasibility of photovoltaic PV farms. Higher GHI values indicate greater solar energy potential, making it an essential input for GIS-based solar energy suitability analyses. Regions with GHI values above 1500 kWh/m2/year are generally suitable for PV farms. In Gaziantep, the GHI plays a significant role in determining the suitability of land for PV farms [31,35,43,44,45]. The Global Solar Atlas provides annual GHI values for Turkey, which are crucial for determining the solar energy potential of different regions [33]. In this context, annual GHI data for Gaziantep were obtained and used to identify suitable areas for PV farms. These GHI values are essential for evaluating the solar energy potential, as higher GHI values correlate with increased energy production capabilities, making regions with favorable irradiation levels more suitable for large-scale solar projects. The GHI values range between 1505 and 1920 kWh/m2, and these values were categorized into four classes for suitability evaluation [17,19,26]. Suitability classes were determined within the range of 1550 to 1850 kWh/m2. The classification was established in intervals of 100 kWh/m² to differentiate areas based on their solar energy potential. Gaziantep is an attractive location for solar energy investments as regions with high GHI can generate more solar power, leading to higher efficiency and output.




2.3.2. Land Use/Cover


Identifying suitable land types (e.g., barren land or agricultural zones) helps avoid conflicts with agricultural, urban, or ecologically sensitive areas, ensuring sustainability and ease of project development. Therefore, land use is an essential criterion in the AHP for determining the suitability of locations for PV farms. Proper land use classification is crucial to avoid conflicts with existing land-based activities and ensures that solar installations are both technically feasible and legally permissible [17,26]. In this context, suitability levels were evaluated using the CORINE Land Use/Land Cover (LULC) data [46]. The suitable areas were classified based on their suitability scores, including categories such as bare rock (3.3.2), sparsely vegetated areas (3.3.3), natural grassland (3.2.1), sclerophyllous vegetation (3.2.3), transitional woodland shrub (3.2.4), beaches, dunes, and sand plains (3.3.1), burnt areas (3.3.4), mineral extraction sites (1.3.1), construction sites (1.3.3), complex cultivation patterns (2.4.2), and land principally occupied by agriculture (2.4.3). Areas that fall outside these classes were classified as unsuitable for PV site selection. In Turkey, to obtain permission for establishing a solar power plant, the land must qualify as marginal agricultural land. To elaborate on the concept of marginal agricultural land, it refers to land that is not classified as absolute agricultural land, special cropland, or planted agricultural land [47]. Therefore, agricultural lands and other areas were selected as unsuitable for solar installations. In regions like Gaziantep, integrating land use data with other criteria, such as solar radiation and proximity to infrastructure, ensures a comprehensive and effective site selection process for solar energy projects.




2.3.3. Slope


The slope of the land directly influences the efficiency and installation costs of PV farms, as flat or gently sloping terrains are more cost-effective and easier to install solar panels on. In areas with steep slopes, solar panel installations are typically more complex and costly due to the need for specialized mounting systems, and the panels may also receive less sunlight due to shading from surrounding terrain. The topography of the land significantly impacts the selection of suitable areas for PV farms in Gaziantep [33]. The region is largely characterized by flat or gently sloping areas, particularly in its rural zones, making it favorable for solar farm development. Digital Elevation Model (DEM) data obtained from ASTER satellite images were used to produce the slope data in percentage terms for Gaziantep [48]. A review of the literature indicates that the most suitable land for solar energy projects has slopes ranging from 0% to 2% or 4%. In the study, the very suitable criteria and other sub-criteria were classified as follows: 0–2%, 2–5%, 5–8%, 8–10%, and greater than 10% [17,23,27].




2.3.4. Aspect


Aspect refers to the direction that a slope faces, which significantly affects the amount of sunlight it receives. In the northern hemisphere, south slopes receive the most sunlight throughout the day, making them ideal for solar energy projects. Similarly, east and west slopes receive good solar radiation in the morning and evening, respectively, but south slopes generally offer the highest energy potential. For Gaziantep, aspect is a key factor in site selection due to its varied terrain. The region’s landscape includes areas with different directions, and south slopes are generally preferred for solar panel installation because they receive the highest amount of solar radiation annually. ASTER satellite images were used to produce the aspect data for Gaziantep (ASTER 2024). In this context, the south was identified as a highly suitable location for PV farms, while the north was considered to be less suitable. Other directions were evaluated and categorized into sub-criteria based on literature research, reflecting varying levels of solar exposure [17,49].




2.3.5. Distance to Road


Accessibility to roads is crucial for the construction, maintenance, and operation of PV farms. Sites located close to roads are preferred because they reduce transportation costs and logistical challenges associated with the delivery of materials and equipment. Additionally, proximity to roads ensures ease of access for technicians and maintenance teams, contributing to the long-term sustainability of the PV farms. The distance to roads is typically divided into several categories, with closer distances receiving higher suitability scores for AHP. Land within 500 m of a road may be classified as highly suitable, while areas 5 km or more away from roads may be less suitable due to the increased cost and difficulty of transportation [7,17,22,50]. In this study, OpenStreetMap road data were downloaded and analyzed with respect to highways and surrounding roads [51]. Areas within 1 km of a road were considered the most suitable for PV farms, as they allow for easier access and transportation of materials and maintenance teams. In contrast, areas located 6 km away from roads were considered the least suitable due to the increased logistical challenges and transportation costs associated with these locations. This classification helps in optimizing the efficiency and cost-effectiveness of solar farm construction and operation by prioritizing sites with better road accessibility.




2.3.6. Distance to Faults


Seismic activity can significantly affect the stability and long-term viability of energy infrastructure. In regions like Gaziantep, which are located near active fault lines, the risk of earthquakes and ground movement must be accounted for when assessing land suitability for renewable energy projects. Gaziantep lies in a region that is susceptible to seismic activity due to its proximity to the East Anatolian Fault, which is one of the major active fault lines in Turkey. The fault line data from the GMRE’s (General Directorate of Mineral Research and Exploration) active fault maps were used to determine the suitability of land for PV farms. Areas located more than 35 km away from fault lines were classified as very suitable for solar installations, while areas within 10 km of fault lines were considered unsuitable due to the increased seismic risk [52]. The distance to a fault was calculated using Euclidean distance analysis based on data. According to the calculations, areas located farther than 10 km from the faults were classified as suitable, with suitability increasing progressively as the distance increased.




2.3.7. Distance to Powerlines


The distance to powerlines is a vital criterion for selecting suitable locations for PV farms, as it directly affects the cost and feasibility of connecting the solar farms to the electrical grid. Proximity to powerlines reduces the expense and complexity of the infrastructure needed to transmit generated electricity, making areas closer to existing powerlines more attractive for solar energy projects. The study classifies areas based on their distance from existing powerlines. In this study, OpenStreetMap powerline data were obtained and analyzed [51]. Regions within 2 km of powerlines are considered highly suitable due to the lower connection costs and minimal energy losses during transmission. Conversely, areas beyond 10 km from powerlines may be determined to be unsuitable, as extending transmission infrastructure to these areas involves significant investment and logistical challenges [7,53].




2.3.8. Wind Speed


Wind speed can both positively and negatively impact the performance of PV panels. Moderate wind speeds are desirable to keep panels cool and improve efficiency, but excessive winds can cause structural damage, requiring careful consideration of wind patterns. Wind speed data were obtained from meteorological records; wind speeds between 0 and 3 m/s were rated as very suitable, as they provide sufficient cooling without compromising structural stability. Wind speeds exceeding 10 m/s were classified as unsuitable due to the increased risks of wear and tear on the infrastructure [25,54].




2.3.9. Solar Energy Installations


Solar energy systems can generally be classified into two main categories based on their installation types: rooftop PV panels and PV farms. Each type serves distinct applications and offers specific advantages depending on the geographic, economic, and structural context. Rooftop PV panels are installed on residential, commercial, or industrial buildings. PV farms, often referred to as solar fields or ground-mounted solar farms, are typically installed in rural or suburban areas where expansive, unobstructed land is available. These farms are designed for large-scale electricity generation and are often connected to the national grid [55,56]. Unlike rooftop systems, PV farms can optimize panel orientation and spacing to maximize solar energy capture. PV farms offer higher scalability, making them suitable for utility-scale renewable energy projects. However, their deployment requires careful consideration of land use to avoid conflicts with agriculture or ecosystems [57,58]. Across Gaziantep, a total of 447 PV installations were identified. Among these, 380 were roof-top PV, while 67 were PV farms. Additionally, 7 of the 67 PV farms were currently under construction (Figure 2).





2.4. Site Selection Results


The AHP was employed to determine suitable areas for PV farms in Gaziantep as an MCDM method. The AHP methodology integrates spatial data from various criteria to evaluate and rank potential locations. This approach is especially effective in regions like Gaziantep, where multiple geographical and environmental factors influence the feasibility of PV installations. By incorporating diverse datasets, such as for solar radiation, land use, slope, aspect, and distances to roads, faults, and powerlines, as well as wind speed, the study sought to identify optimal areas for solar energy deployment. In the study, the AHP tool in ArcGIS 10.6 was used to apply weightings to the criteria. All reclassified criteria were aggregated and weighted using the function of overlay analysis in ArcGIS 10.6. The use of AHP ensures a structured and systematic evaluation process, facilitating informed decision-making for renewable energy planning. In this study, the AHP framework uses eight primary criteria to assess suitability: solar radiation, land use, slope, aspect, distance to roads, distance to faults, distance to powerlines, and wind speed, and 8 × 8 pairwise comparison matrices were formed. Each criterion was evaluated based on its relative importance using a pairwise comparison matrix. This matrix enables the assignment of weights to each criterion, reflecting their influence on the decision-making process. Through the matrix, normalized weight vectors are obtained based on the assigned importance values of the criteria. For instance, solar radiation, being critical for energy generation, typically receives the highest weight, followed by land use and slope. The normalized eigenvalues derived from the matrix ensure consistency and objectivity in weight distribution. These weights are then applied to the spatial layers of the criteria, which are analyzed and combined in GIS to produce a suitability map, highlighting areas with the highest potential for PV farm installations in Gaziantep. After the pairwise comparison of criteria and the determination of importance, the consistency of the comparison matrix was evaluated using the CR, consistency index CI, and random index RI. The consistency ratio was calculated based on Equation (1), where values below 0.1 indicate an acceptable level of consistency. The CI was 0.043, which was calculated by λmax and n as 8.3 and 8, respectively. The CR was 0.082 and since this value was below 0.1, it was inferred that appropriate weightings were used for the AHP method. After determining the weights, the criteria were combined using a weighted overlay. The pairwise comparisons are illustrated in Table 4.



Also, the criteria weights for the suitability map of PV farms were calculated and are shown in Table 5. The most influential criterion was GHI, with a weight of 38.89%, where areas receiving more than 1850 kWh/m2 were rated as highly suitable (Grade 5), while locations with irradiation below 1550 kWh/m2 received an unsuitable score (Grade 1). Land use/cover followed with a weight of 20.15%, where agricultural and barren lands (categories 3.3.2 and 3.3.3) were rated as highly suitable (Grade 5), whereas other land types, such as dense vegetation, received lower suitability scores. Distance to roads received a weight of 14.22%, where proximity to roads (0.1–1 km) was deemed to be highly suitable (Grade 5), while areas located more than 6 km away were considered to be unsuitable (Grade 1). The distance to fault lines (9.65% weight) influenced the safety of PV installations, with locations farther than 35 km from fault lines being rated as highly favorable. Similarly, distance to powerlines (6.82% weight) was viewed as crucial for energy transmission efficiency, with locations within 2 km receiving the highest value. Topographical factors, such as slope (4.68%), played a significant role, with flatter areas (0–2%) being the most ideal for PV farms. The aspect (3.13%) was also considered, with south-facing slopes (S2) receiving the highest value, as they maximize solar energy capture. Lastly, wind speed (2.46%) was included, with moderate wind speeds (0–3 m/s) being rated as highly suitable to prevent structural concerns while maintaining efficiency. Overall, these criteria collectively define the most suitable regions for PV farm location, ensuring optimal energy production and infrastructure feasibility.



In MCDM processes, suitability maps differ due to the varying weights assigned to both sub-criteria and main criteria. The suitability maps, generated through GIS-based operations, can be expressed using different classification methods, such as manual, equal interval, defined interval, quantile, natural breaks, geometric interval, and standard deviation [26,29,59]. In this study, considering the weighting of criteria, the suitability ranges were determined using the natural breaks method. This method allows for the optimal classification of data by minimizing the variance within classes and maximizing the variance between them, leading to more meaningful and accurate suitability maps for the analysis. Additionally, when comparing the natural breaks method with the quantile method, there was some variation between the unsuitable and low suitability classes. Natural breaks are particularly effective when the data distribution has distinct clusters or natural groupings, which makes it an ideal choice for this study. Dataset maps prepared according to these distributions are shown in Figure 3.



When determining the class intervals for datasets, the class ranges from similar studies in the literature were examined to select appropriate values. These intervals were chosen to align with the characteristics of the study area and the datasets. Consequently, the data were reclassified into five categories and integrated into the analysis process, ensuring consistency and comparability across the criteria (Figure 3). To assign weights to the criterion maps, these map layers must be standardized on the same scale based on their threshold values. Table 5 presents the classification intervals used for reclassifying the data. This was achieved by reclassifying the criterion layers on a scale of 1–5, where 1 represents unsuitable areas, and 2–5 indicate increasing levels of suitability, ranging from low (2) to high (5). The reclassification ensures a consistent evaluation framework, enabling effective integration and comparison of various criteria within the AHP process.





3. Results


As a result, the produced PV suitability map was classified into main classes ranging from 1 to 5 based on the suitability degree. According to Figure 4, areas with a suitability degree between 1 and 2.9 are unsuitable, while areas with a value above 3.9 are highly suitable for PV farm installation. The suitability map values range from 0.9 to 3.3 for low suitable, 3.3 to 3.6 for suitable, and 3.6 to 3.9 for moderately suitable. Figure 5 illustrates the spatial distribution of these suitability categories within Gaziantep. The identification of suitable areas for PV farms in Gaziantep involved the evaluation of multiple parameters, resulting in classification of land into five categories, ranging from unsuitable to highly suitable. As a result of the analysis, the spatial values for each category of suitability were calculated. Table 6 provides detailed information on the area classifications for PV farm suitability in Gaziantep. Approximately 5% of the city’s area was categorized as unsuitable for PV farms, and around 16% was classified as of low suitability, while 30% was considered to be highly suitable (Figure 3).



Approximately 80% of Gaziantep’s land area was identified as potentially suitable for PV farms. This high percentage underscores the region’s significant potential for solar energy projects. Approximately 20% of the land categorized as of low suitability or being unsuitable for PV farm installation was predominantly located in the western part of the city. These areas were characterized by factors such as less favorable topography, lower global horizontal irradiation levels, or proximity to geological risks, which reduce their viability for solar energy projects. An area of 323.7 km² was identified as entirely unsuitable for PV farms, while a significantly larger area of approximately 978.0 km2 was classified as highly suitable. This indicates that the highly suitable regions were roughly three times the size of the unsuitable areas, highlighting the substantial potential for solar energy development in Gaziantep.



Particularly, the southern and northeast parts of the city stand out as areas with the most potential due to their location and climatic conditions. The analysis highlights that the western regions of the city contain the unsuitable and low suitability areas for PV farms due to the distance from fault lines, slope conditions, and high global horizontal irradiation. Although the western part of Gaziantep has advantages in terms of slope and wind speed compared to other regions, it has fewer suitable areas for PV farms. This was primarily due to its proximity to fault lines and lower global horizontal irradiation values relative to other areas. These factors limited the suitability of this region for solar energy projects, despite its favorable topographical and wind conditions. This observation underscores the importance of integrating multiple criteria, including both locational and climatic factors, in the evaluation of potential PV farm sites. Also, it can be observed that areas close to the city center, as well as regions to the north, east, and west of the center, were generally of low suitability for PV farms. This was likely due to a combination of urban land use, limited open spaces, and potentially less favorable topographical or environmental factors. Conversely, the southern parts of the center stand out with a majority of the area classified as moderately or highly suitable for PV farms. This suitability was attributed to favorable characteristics, such as optimal solar radiation levels, appropriate land use types, and minimal geological risks, making it a prime location for solar energy development.



As part of the study, after determining the suitable locations for PV installations, a comparison was conducted with the existing PV installations. Figure 5 shows the suitability map of PV farms according to the types of PVs in the city. Regarding roof-top PV systems, these were found to be concentrated in the northern industrial areas of the city center, particularly installed on buildings within that zone. This indicates a trend where industrial facilities take advantage of available roof spaces for solar energy generation, leveraging the proximity to urban electricity demands. While data for both roof-top PV and PV farms were collected for Gaziantep, the primary focus was to compare suitable areas with the locations of PV farms.



When analyzing the distances of PV farms from the city center, it was observed that the farthest farm was located 66.1 km to the southwest of the city center, while the nearest one was 8.7 km to the southeast of the center. Similarly, it was observed that the farthest PV farm under construction was located near the existing farthest PV farm, approximately 62.5 km away. Additionally, the nearest PV farm under construction was being established 19.9 km to the southwest of the city center. These PV farms’ sizes range from approximately 6808.1 m2 to 386,267 m2, while the PV farms under construction have sizes ranging from 29,777 m2 to 449,898 m2. It was observed that the largest PV farm in the city is expected to be completed in the coming years.



PV farms were predominantly located outside the city center area, aligning more closely with areas identified as suitable. Upon examining the existing PV farms, it was found that four PV farms were located in unsuitable areas, while one PV farm was located in a low suitability area. It was observed that these PV farms were close to the city center and to the east and west of the center. Additionally, the distribution of PV farms across different suitability areas was as follows: 24 PV farms were located in suitable areas, 17 in moderately suitable areas, and 14 in highly suitable areas. As a result, approximately 92% of the existing PV farms fall within suitable to highly suitable areas. It was observed that eight existing PV farms were located in the western part of the city, which were situated within suitable and moderately suitable areas in that region. Therefore, despite the fact that suitable areas were limited in the western part of the city, it can be inferred that the placement of these PV farms may have been strategic considering the available suitable areas. In addition, three PV farms were located in the northern part of the city, within suitable and moderately suitable areas, while most of the remaining PV farms were located in the southern part of the city, in areas with varying levels of suitability. This indicates that the majority of PV farms are established in areas with high potential for solar energy generation, as identified by the suitability analysis. It was observed that there were currently seven PV farms under construction, of which three were located in moderately suitable areas and four were located in highly suitable areas. One PV farm was located in the western part of the city and one in the northern part. The remaining PV farms were situated in the southern region. It was observed that the PV farms in the western part of the city were being built within highly suitable areas, while those in the northern part were being built in moderately suitable areas. This indicates that a substantial portion of the ongoing projects are being developed in areas identified as favorable for solar energy generation, with the majority falling within the higher suitability zones. Figure 5 provides a visual representation of PV farms on the suitability map and Google Earth. In Figure 6a, the PV farm closest to the city center was located within a highly suitable area. Figure 6b highlights PV farms in the westernmost part of the city, most of which were situated in areas classified as highly suitable. Figure 6c illustrates a PV farm located in the northwest of the city center within a suitable area. In Figure 6d, both existing and under-construction PV farms are shown in the southwestern part of the city center, farthest from the city center, and within suitable areas. Figure 6e depicts PV farms under construction in the southwest of the city center, located in areas classified as moderately and highly suitable. Lastly, Figure 6f shows one of the PV farms closest to the city center, located to the northwest, within a low suitability area. This dual perspective provides a clear comparison between the theoretical analysis of suitable areas and the actual geographical visualization, emphasizing the spatial distribution and alignment of PV farms with identified suitable areas. Additionally, it was observed that the surroundings of both the existing PV farms and PV farms under-construction predominantly consisted of bare land or agricultural fields. Therefore, it can be inferred that a portion of these areas might potentially be suitable for agricultural use.




4. Discussion


This study aimed to identify the most suitable areas for the establishment of PV farms in Gaziantep using the AHP methodology. By incorporating various criteria, including global solar irradiation, land use/cover, distance to roads, fault lines, and powerlines, slope, aspect, and wind speed, areas were identified with varying levels of suitability for solar energy production. The analysis revealed that approximately 80% of the city is suitable for PV farm installations, with the southern and northern regions exhibiting the highest suitability levels. In terms of the existing PV farms, the findings indicate that a significant portion of them are located in moderately suitable to highly suitable areas, confirming that the majority of current installations align with optimal conditions for solar energy generation. Moreover, the comparison of the identified suitable areas with the existing PV farms indicated that while most of the farms are placed in favorable regions, some farms in the western and northern parts of the city are in less favorable locations, especially due to constraints related to the proximity to faults or lower solar radiation values. This study emphasizes the importance of using a multi-criteria decision-making approach like AHP for identifying optimal PV farm locations, which can guide future solar energy projects and maximize the efficiency of energy production in Gaziantep. Future research could further refine the criteria and incorporate additional factors, such as economic feasibility and environmental impact, to provide a comprehensive framework for PV farm site selection in the region.



In addition, the application of MCDM methods, such as AHP, combined with GIS, offers a rapid and efficient solution for renewable energy site selection. By incorporating literature and data-driven models, this approach ensures a comprehensive evaluation of potential sites for PV farms, factoring in both environmental and technical suitability. GIS allows for the spatial analysis of multiple factors, while AHP provides a structured method for ranking and comparing the criteria. This integration in GIS environments streamlines decision-making processes and supports informed, evidence-based choices for the development of renewable energy infrastructure. Moreover, it offers a flexible tool that can be applied in various geographic and climatic conditions, making it a valuable resource for sustainable energy planning and development in regions like Gaziantep.
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Figure 1. Demonstration of the study location with global horizontal irradiation secondary map. 
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Figure 2. Existing PV installations on DEM maps of Gaziantep. 
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Figure 3. (a) Global solar irradiation; (b) Land use/cover; (c) Wind speed; (d) Distance to road; (e) Distance to fault; (f) Distance to powerline; (g) Slope; (h) Aspect. 
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Figure 4. Suitability map of PV farms and suitable area ratios for PV farms. 
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Figure 5. Example of existing PV installations on suitability map. 
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Figure 6. Example of existing PV farms on suitability map. (a) PV farm closest to the city center; (b) Westernmost PV farm; (c) Northwesternmost PV farm; (d) The farthest PV farm from the city center; (e) PV farm southwest of the city center; (f) PV farm in the northwest and closest to the center. 
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Table 1. Nine quantities for pairwise comparison between criteria [11,40].
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	Numerical Value
	Preference





	1
	Equally



	3
	Moderately



	5
	Strongly



	7
	Very Strongly



	9
	Extremely



	2, 4, 6, 8
	Preferences between the above values










 





Table 2. Reference values for RI [11,12].
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	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










 





Table 3. Data sources and criteria.
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Type

	
Dataset

	
Source

	
Criteria

	
Value






	
Raster

	
GHI

	
Global Solar Atlas

	
Climate

	
250 m




	
Wind Speed

	
Global Wind Atlas

	
Climate

	
50 m




	
DEM

	
ASTER

	
Topography

	
30 m




	
Slope

	
DEM via ASTER

	
Topography

	
30 m




	
Aspect

	
DEM via ASTER

	
Topography

	
30 m




	
LULC

	
CORINE

	
Location

	
100 m




	
Vector

	
Fault Line

	
GMRE

	
Location

	
Rasterization to 30 m




	
Road Line

	
OSM

	
Location

	
Rasterization to 30 m




	
Powerline

	
OSM

	
Location

	
Rasterization to 30 m




	
PV Installations

	
Google Earth

	
Location

	
Rasterization to 30 m











 





Table 4. Pairwise comparison matrix.
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	Criteria
	GHI
	LULC
	Distance to Road
	Distance to Fault
	Distance to Powerline
	Slope
	Aspect
	Wind Speed





	GHI
	1.0
	5.0
	3.0
	5.0
	5.0
	7.0
	9.0
	7.0



	LULC
	0.2
	1.0
	3.0
	3.0
	3.0
	5.0
	7.0
	5.0



	Distance to Road
	0.3
	0.3
	1.0
	3.0
	3.0
	3.0
	5.0
	5.0



	Distance to Fault
	0.2
	0.3
	0.3
	1.0
	3.0
	3.0
	3.0
	5.0



	Distance to Powerline
	0.2
	0.3
	0.3
	0.3
	1.0
	3.0
	3.0
	3.0



	Slope
	0.1
	0.2
	0.3
	0.3
	0.3
	1.0
	3.0
	3.0



	Aspect
	0.1
	0.1
	0.2
	0.3
	0.3
	0.3
	1.0
	3.0



	Wind Speed
	0.1
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	1.0










 





Table 5. Sub-criteria and criteria limits.
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Criterion

	
Weight

	
Limits of Sub-Criteria

	
Grade

	
Criterion

	
Weight

	
Limits of Sub-Criteria

	
Grade






	
Global horizontal irradiation (kWh/m2)

	
38.89

	
>1850

	
5

	
Distance to Road (km)

	
14.22

	
0.1–1

	
5




	
1750–1850

	
4

	
1–2

	
4




	
1650–1750

	
3

	
2–4

	
3




	
1550–1650

	
2

	
4–6

	
2




	
<1550

	
1

	
>6

	
1




	
Land use/cover (Class ID)

	
20.15

	
3.3.2, 3.3.3

	
5

	
Distance to Fault line (km)

	
9.65

	
>35

	
5




	
3.2.1, 3.2.3, 3.2.4, 3.3.1, 3.3.4

	
4

	
25–35

	
4




	
1.3.1, 1.3.3

	
3

	
15–25

	
3




	
2.4.2, 2.4.3

	
2

	
10–15

	
2




	
Others

	
1

	
<10

	
1




	
Slope (%)

	
4.68

	
0–2

	
5

	
Distance to Powerline (km)

	
6.82

	
0–2

	
5




	
2–5

	
4

	
2–5

	
4




	
5–8

	
3

	
5–8

	
3




	
8–10

	
2

	
8–10

	
2




	
>10

	
1

	
>10

	
1




	
Aspect

	
3.13

	
S2

	
