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Abstract

:

The location of natural gas emergency response team centers (NGERTCs) is critical in terms of addressing natural gas notifications that require a timely emergency response. The selection of NGERTCs in Istanbul has an important place in terms of providing better service, due to the necessity of responding to emergency natural gas notifications within 15 min, in addition to the over 200,000 natural gas notifications per year and heavy traffic conditions. Therefore, this study proposes a solution based on GIS and FAHP to determine suitable NGERTC locations in Istanbul Metropolitan Area. In the first stage of the study, the required 15-min coverage areas for emergency calls for 36 existing NGERTCs in Istanbul were extracted and the adequacy of their locations was analyzed. In the second stage of the study, the weights of seven criteria determined for new NGERTC site selection were calculated by the FAHP method. With spatial analysis made, 12 new NGERTC locations were proposed. Finally, re-coverage analysis was performed for proposed and existing NGERTCs, and changes in coverage area within a 15 min response time were analyzed. Natural gas network coverage increased from 70.04% to 83.86%, and natural gas subscriber coverage increased from 91.03% to 96.27%. The results show that GIS and FAHP are worth using in selecting suitable NGERTC locations.
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1. Introduction


With an increasing need for energy in the world, the trend towards natural gas, one of the most important energy sources has also increased [1]. Natural gas, which has low greenhouse gas emission values, is known as the cleanest fossil fuel source today [2,3]. In transitioning to a low-carbon economy, natural gas is preferable to coal and oil [4]. Natural gas, which provides about a quarter of energy needs globally [5], is also a fossil fuel with the fastest increasing usage rate [6]. Growing industrialization and urbanization, along with rapid population growth, has made the use of natural gas important for heating and electricity production [7]. This situation has led to the preference of using natural gas instead of coal in cities [8,9,10]. The use of natural gas is included in the long-term energy plans of cities all over the world as a sustainable, reliable, and economical option [11,12]. For this reason, the number of residences and workplaces using natural gas in cities is increasing day by day. Natural gas is generally used to meet the basic needs of heating, hot water, and cooking. When natural gas consumption rates across the world are examined, urban areas are have the highest consumption with a rate of over 80% [13].



Although natural gas is a cleaner-burning fossil fuel, it is classified as a dangerous substance due to its flammability [14]. For this reason, natural gas leaks can lead to explosive hazards [15,16]. Natural gas is not a toxic gas, but natural gas leaking in a confined space can replace oxygen and cause death by suffocation [17]. In addition, carbon monoxide poisoning occurs due to the incomplete combustion of natural gas [18]. Apart from these situations, human errors and equipment failures can cause emergencies in the use of natural gas [19]. The existence of rapid, effective, and comprehensive response plans is important to ensure the continuity and safety of gas supply in emergencies. It is critical in terms of life and property safety that natural gas notifications are responded to promptly by expert teams in any situation that requires emergency intervention. For this reason, natural gas distribution companies have natural gas emergency response teams consisting of engineers and technicians [20,21,22].



When natural gas subscribers can detect a natural gas smell in residences and workplaces, such as in a natural gas service box at the entrance of a building, in an apartment or stairwell or on the streets outside a building, and realize that natural gas equipment is damaged, or in the event of an emergency, they can call national natural gas emergency lines that provide 24/7 service and report notifications to a natural gas distribution company [23]. Natural gas distribution companies must correctly position their emergency response teams in their service areas to respond to incoming notices in a timely manner. The locations of NGERTC are of vital importance, especially in metropolitan areas due to population and traffic density. Correct positioning of NGERTCs is one of the most important factors in reducing the response time after notification.



According to emergency response article 61 in Part 2 of the operation and service obligations under Part 3 of the natural gas market distribution and customer services regulation list of the Republic of Turkey Energy Market Regulatory Authority (EMRA), natural gas distribution companies must organize their teams to respond to notifications that require urgent action within fifteen minutes at the most [24]. For this reason, natural gas distribution companies need to be sensitive in choosing a location while planning their emergency response team centers. Especially in metropolitan cities such as Istanbul, the determination and implementation of site selection criteria are more vital. In the metropolis of Istanbul, which has a population of 16 million and natural gas subscribers of over 6.5 million, over 200,000 natural gas notifications are received annually [25]. The 15 min response time to emergency notifications specified in the legislation is sometimes exceeded in the province of Istanbul, which has a crowded population, dense urban settlement area and major traffic problems. This situation has led to a need for the correct planning of new NGERTC to be opened to achieve the target of an average response time of 15 min in the Istanbul metropolitan area. This study attempts to find a solution to this problem.



In general, most emergency service center location studies in the literature focus on the planning of ambulance and fire stations; no study has been found on natural gas emergency response team centers (NGERTC) location selection. The important factor in this is an assumption that the proposed approach and developed methods can be applied to most of the services that require emergency intervention. Although the problems are similar for these services, there can be important differences between them. Location selection has critical importance in the natural gas sector, as in all emergency services. In order to minimize damage, the response time to natural gas emergency calls is very important. In this context, this article investigates the most appropriate location selection method by examining fire and ambulance station location selection studies and methods, which serve as an example for the determination of NGERTC locations.



Many studies have been carried out to solve emergency service center location problems. Optimization models, multi-criteria decision making (MCDM) techniques and GIS methods were used in a majority of these studies. The first methods used for emergency service centers were mostly optimization models aiming at maximum coverage with a minimum number of centers [26,27,28]. Heuristic and metaheuristic optimization algorithms that can produce more comprehensive solutions have been applied, including constraints such as intervention time, call frequency, number of vehicles, traffic, cost, etc. [29,30,31]. Geographical information systems technology, which is actively used in spatial query and analysis processes, is preferred in selecting emergency service center locations with higher accuracy. Liu et al. [32] used integrated geographic information systems, multi-objective programming, and ant colony (ANT) approaches for location selection of new fire stations. In this study, it was considered that fire stations should be placed in such a way that they can serve the maximum area possible and at the same time reduce access times to accident zones. In Aktas et al. [33], fire station selection studies in the city of Istanbul are based on the integration of geographic information systems and thecluster coverage model. New stations have been proposed aiming to receive notifications in five minutes at the latest and to have 100% coverage. Spatial decision support systems are used by integrating GIS and MCDM methods in emergency service center location selection studies [34,35,36]. Erden and Çoşkun [37] conducted a fire station site selection study in Istanbul with the help of geographic information systems and the analytical hierarchy method, which is a MCDM technique. In their study, criteria such as population, traffic and risky areas were used to determine the most suitable fire station locations. Wang [38] created a multi-criteria decision-making method by using a fuzzy analytic hierarchy method and a geographic information system to decide the locations of fire stations. Swalehe and Aktas [39] carried out a study to reduce ambulance response times for the Odunpazarı district. In their work, they aimed to place ambulances according to demand and to ensure that the maximum ambulance demand coverage was realized with a small ambulance fleet. For this, the system state management technique and maximum coverage problem optimization model were used. By using GIS, the most suitable ambulance stations, which can be reached within 5 min by ambulance, were determined. Ateş et al. [40] found the most appropriate locations for ambulance stations providing emergency health services with GIS based on the standard average response time of 8 min. Terzi et al. [41] used a buffer analysis of the geographic information system to calculate 10-min coverage areas of ambulance stations. It was observed that changes in service areas have not been examined in detail in emergency service center location selection studies in the literature. In site selection planning, the spatial efficiency of the centers, spatial accessibility and relevant site selection criteria should be considered holistically. The contribution of this article is the proposal of a GIS-based fuzzy MCDM site selection model, which considers the adequacy and service area coverage of existing NGERTCs. In addition, the site selection study was carried out with the service area constraint of existing NGERTCs. Finally, results were evaluated in an integrated manner.



The literature review of emergency service center location studies highlighted that; many different criteria were used according to the scenarios preferred by the authors. At the same time, in the literature, it is seen that criteria such as distance to existing centers, proximity to main roads, population density, call frequency, and coverage area were frequently used [42,43,44]. However, based on the studies on natural gas safety [45,46,47] and national natural gas emergency response plans [20,48,49], this study used a holistic evaluation by adding important criteria such as proximity to natural gas lines and proximity to regulating stations. In addition, the opinions of three academics who are experts in spatial decision support and ten experts working on a natural gas emergency response team were considered in the weighting of the criteria in this study.



For the weighting of the criteria chosen for this study, multi-criteria decision-making methods (MCDMs) were investigated. The Analytical Hierarchy Method (AHP), developed by Thomas L. Saaty, is one of the most frequently used multi-criteria approaches. AHP enables the solution of complex problems; it can evaluate quantitative and qualitative criteria in decision-making, by considering them in a hierarchical structure. However, it has been criticized for its inability to use exact values to address the opinions of decision makers and to handle the ambiguity and carelessness in the pairwise comparison process [50,51]. Therefore, Fuzzy AHP (FAHP) was developed to express the uncertainty of the decision maker in making choices [52]. In FAHP, fuzzy numbers are used instead of exact numbers in pairwise comparisons. The weighting of the criteria with FAHP alleviates the difficulty in deciding and ensures that the weighted values obtained in line with the decisions of the decision makers give more accurate results.



Many researchers in literature have used the fuzzy AHP approach for different site selection problems [53,54,55,56]. After determining the criteria and giving the weight values, operations such as collecting, digitizing, and organizing the data of the criteria can be done with the help of GIS. There are various studies for the site selection problem that use the fuzzy analytic hierarchy method and GIS for SDSS. For example, these include site selection of solar farms [57], electric vehicle charging stations [58], landfill gas extraction facilities [59], and fire station sites [60].



In this study, a solution based on GIS and FAHP was proposed to determine the optimal locations of new NGERTCs. In this context, the contributions of this study to the literature can be summarized as follows:




	-

	
No study has been found in the literature for the NGERTC site selection problem. With this study, a NGERTC site selection study was conducted for the first time and an important contribution was made to the literature.




	-

	
The GIS-based FAHP method, which is used in many site-related selection studies, was used for the first time in a NGERTC site selection study. The results obtained show that this method is worth using in the determination of NGERTC locations.




	-

	
In the literature, the change in the coverage of existing and proposed centers in GIS-based MCDM models applied for the problem of location selection of emergency response centers has not been examined in detail. This study fills this gap by examining the change in coverage area of existing and proposed NGERTCs within a 15 min response time in terms of accessibility to natural gas lines and natural gas subscribers.




	-

	
In order to facilitate the solution of the NGERTC site selection problem, seven main site selection criteria are proposed by examining emergency response centers site selection, natural gas safety studies, and national natural gas emergency response plans in the literature. This study proposes site selection criteria for NGERTCs for the first time. This set of criteria provides a scientific framework and precedent for future NGERTC site selection studies. At the same time, the weighting of criteria was done comprehensively and consistently using FAHP in this study.




	-

	
NGERTC site selection planning is very important in terms of life, property, and environmental safety in metropolises where natural gas use is intense. The study area was chosen as the Istanbul metropolitan area, which is the most populated city in Europe, with approximately 98% of its population using natural gas. In the current study, a spatial decision-making model for the NGERTC location selection problem was proposed based on metropolitan conditions where natural gas usage is intense.









The main purpose of this study is to provide optimum location selection for new NGERTCs for the fastest and most effective response to natural gas notifications in the Istanbul metropolitan area. Firstly, 15 min coverage areas of existing NGERTCs were examined in the study. As a result of the network analysis, it was understood that the 15-min service areas were insufficient for the 26 existing NGERTCs due to the large working area, traffic density, or location. Spatial analyses were made with the integration of GIS and the fuzzy analytical hierarchy method (FAHP). As a result of the analyses, a location suggestion was made for the new NGERTCs. Within the scope of this study, the fuzzy analytic hierarchy method was chosen as a multi-criteria decision-making method, as it was possible to provide evaluation of uncertain judgments. Finally, the improvement in the 15-min coverage with a proposed 12 new NGERTCs was examined. This study also aims to make an important contribution to the literature, as it is the first study to determine locations of NGERTCs.



In the first section of the article, the importance of the use of natural gas in cities, the status of natural gas notifications, a literature review of emergency service centers site selection, and the purpose and method of the research are mentioned. In Section 2, the study area is specified. Section 3 outlines the methodology that is used. In Section 4 the analyses are discussed. Finally, in Section 5, conclusions and recommendations are given.




2. Study Area


Located in the north of the Marmara region of Turkey, Istanbul has coasts on the Marmara and Black Seas. It is located in both Europe and Asia, with latitude 41°00′16″ and longitude 28°58′59″. The surface area of Istanbul is 5461 km2. With a population approaching 16 million, it is the fourteenth largest city in the world and the most populous city in Europe and Turkey. It is one of the most important metropolises of Turkey with its ever-increasing population and growing economy.



The Istanbul metropolis, which consists of 39 districts and 988 neighborhoods as shown in Figure 1, was chosen as the study area. With the start of natural gas distribution activities in 1989, there has been a rapid transition from coal to natural gas in the city.



As seen in Figure 2, while there were 1.5 million natural gas subscribers in Istanbul in 2000, this number reached over 6.5 million subscribers in 2019. With this number of subscribers, Istanbul is the city with the highest number of natural gas subscribers in Europe. Nearly 38% of Turkey’s current natural gas subscribers are located in Istanbul [25]. Istanbul has the largest natural gas network line in Turkey, with a natural gas distribution line length of 23,967 km.



In many cities in the world, different communication channels are used for natural gas users to report notices. The most widely used method is the national natural gas emergency line, which provides 24/7 service. In the city of Istanbul, which has a high subscriber and notification density, the natural gas emergency line “187” is used so that the subscribers can report the notifications. At the point of responding to the notifications, each country implements its own national emergency management and operation plan. According to these plans, the response time to notifications may differ between countries. For example, it is necessary to respond to notifications within 15 min in Turkey, 30 min in Portugal, and 1 h in England [61,62]. In many countries, there is no legally defined period, and it is stated that the notifications should be responded to as soon as possible. At the same time, fire brigade and ambulance teams can also intervene in cases of an explosion, fire, injury, or similar incidents caused by natural gas.



Current Situation of NGERTCs in the Study Area


Natural gas notifications in Istanbul are responded to 24/7 by 553 personnel in 36 NGERTCs. As can be seen in Table 1, 32 separate natural gas intervention zones have been created by Istanbul gas distribution company (IGDAS) in the Istanbul metropolitan area in order to respond to the notifications in an effective and timely manner. Each NGERTC can only intervene in natural gas notifications in the regions where they are located. There may be more than one center in some regions, depending on the notification, subscriber density, and size of the region. For example, there are two NGERTCs in the natural gas emergency response zones of Çatalca, Kağıthane, Fulya, and Şile. There is one NGERTC in the remaining 28 natural gas emergency response zones. In total, there are 36 NGERTCs in 32 natural gas intervention zones, which were determined by the Istanbul gas distribution company (IGDAS).



On average, over 200,000 notifications are responded to annually. At the same time, the safety, periodical maintenance, and control of infrastructure and superstructure facilities are also carried out by natural gas emergency response teams. These teams work in three shifts. The first shift is scheduled to work 07:00–15:00, the second shift 15:00–23:00, the third shift between 23:00 and 07:00, with at least two crews and four people in each shift. Table 1 shows the number of NGERTCs, natural gas emergency response personnel, notification type (requiring and not requiring urgent intervention) and subscribers by region for 2019. As seen in Figure 3, NGERTCs generally consist of detached buildings, these are structures with an average area of 300 m2 with a parking lot and an area where emergency response teams can rest comfortably and place their equipment. There is typically a dressing room, equipment room, kitchen, WC, and technical team and storage rooms in the building.



These teams take an active role in disasters and emergencies apart from natural gas notifications and routine natural gas network control. Especially in the case of disasters and emergencies that may occur in the metropolis of Istanbul, which has a large natural gas network operation, natural gas emergency response teams have great responsibilities Controlled and rapid resolution of these cases of disasters and emergencies by the teams is very important in terms of safeguarding human life, ensuring the safety of structures and facilities, reducing the environmental effects of methane emissions and the resultant economic losses, and securing the energy supply. Emergency response teams are trained against possible risks that may arise in the natural gas network in the case of disasters and emergencies; periodic checks are made on natural gas lines, and disaster drills are frequently carried out. According to the size of the disaster and emergency, natural gas emergency response teams first make a damage assessment. They are responsible for securing the natural gas network as soon as possible, depending on the damage. When necessary, these teams are responsible for interrupting gas flow to ensure natural gas supply security, evacuating the gas in the lines safely, supplying natural gas to the facilities with priority in using gas, repairing the damaged natural gas lines, and normalizing the natural gas network [63,64]. In disasters and emergencies, NGERTCs are the primary logistics areas of use. For this reason, their location also has strategic importance.





3. Materials and Methods


This article explores optimum location selection based on spatial decision support systems for new NGERTCs in the Istanbul metropolitan area. Therefore, this study starts with the determination of the most suitable locations and coverage areas for NGERTCs to improve the current status. In this context, the workflow of the study was created as in Figure 4 to simplify the detailed process steps. First of all, the study area was determined, and spatial and non-spatial data of the study area were collected. A spatial database for the study area was created by converting obtained data into a vector format.



These digitization processes were carried out with Esri ArcGIS 10.5 software. A geographical coordinate system, ITRF92, datum: D_GRS_1980, was used for all data layers. After the GIS data of the study area were prepared, 15 min coverage areas of 36 existing NGERTCs were calculated by a network analysis method. For the new NGERTCs, which may be added in plans for the improvement of the current situation, the examples in the literature were examined, and seven main site selection criteria were determined. The weights of the criteria were calculated by the FAHP method as mentioned in Section 2. As seen in Figure 5, a location selection analysis model was created in Arcgis’s ModelBuilder interface to simplify the spatial analyses progress. The criteria were imported to the model in vector data format. Raster analysis was performed on notification and subscriber density criteria. Spatial analysis was performed using the Euclidean distance method for the criteria of natural gas lines, main roads, regional markets, existing NGERTCs and district regulating stations. All vector data were converted to raster data with 25 m × 25 m cell resolution and analyses were performed. With the reclassification analysis, conformity values between 1 and 5 were assigned according to the class ranges determined by the criteria. The map layers of the classified criteria were combined using a weighted overlay spatial analysis tool, and a suitability analysis was performed. From the obtained suitability analysis map, the areas that were within the 15 min coverage area of the existing NGERTCs and that did not use natural gas were removed. After this process, suitable places were determined for the new NGERTCs. As a result of this analysis, it was suggested to establish 12 new NGERTCs. Finally, a 15-min coverage analysis was made for 12 proposed NGERTCs and 36 existing NGERTCs using the network analysis method, and the change in coverage area was examined.



3.1. Service Area Analysis


In this study, the current positions of 36 NGERTCs in the Istanbul metropolitan area were evaluated within the scope of the obligation to respond to emergency notifications within 15 min in EMRA natural gas market legislation. In order to determine the service areas of the NGERTCs with 15 min access, a network dataset modeling the transportation network was created. The road data were created in accordance with the network analysis. In the attribute table of the road data, the road traffic direction, and speed as well as, road length and type information required for network analysis were entered according to the beginning and ending vertices of the vector drawings. Three different road types were defined, and average speed limits were determined based on Istanbul’s heavy traffic hours. These have been determined as 90 km/h for highways, 60 km/h for main roads and 30 km/h for local streets. Network analysis extension of ArcGIS 10.5 software was used to perform network analysis. First, the service areas of 36 NGERTC with 15-min access were examined, and it was determined that they covered 70.04% of the natural gas lines and 91.03% of natural gas subscribers (Figure 6).



Afterward, a comparison analysis was made of the 15 min access service areas of each NGERTC and the emergency response zone boundaries. The percentage of natural gas networks and natural gas subscribers covered by the 15 min service area of each NGERTC in the working area is given in Table 1. As a result of the network analysis, it was understood that NGERTC 15 min service areas were insufficient.




3.2. Site Selection Criteria


Seven criteria were selected to determine the suitable locations of new NGERTCs to be opened in Istanbul. These criteria were determined by a comprehensive review of the studies in the literature that reported on (i) site selection of ambulance and fire stations [26,27,34,35,37,38,39,41,61], (ii) natural gas safety [47,48,49] and (iii) national natural gas emergency response plans [20,50,51]. The criteria determined for this study were natural gas subscriber density, natural gas notification density, proximity to natural gas lines, proximity to main roads, distance to regional markets, distance to existing NGERTC, and proximity to district regulating stations. Table 2 provides a detailed description of the seven criteria used in this study. As listed in Table 3, criteria data were obtained from various institutions.



A GIS data layer was created for each criterion. In this study, spatial analysis and visualization of the data were performed using GIS. Spatial visualization is crucial for the easy interpretation of results. Schoppmeyer (1978) suggested specifying a maximum of seven tone values in cartographic representations [65]. Therefore, in this study, spatial visualization of criteria was classified into five representation classes with GIS. As in Table 4, sub-criteria values between 1–5 points were assigned to the criteria according to the degree of density or distance. Data classification can be done in GIS with manual, equal interval, quantile, natural breaks (jenks), and standard deviation methods [66]. In this study, equal interval and natural breaks (jenks) data classification methods were used because the criteria data do not have threshold values in the literature. Interpretation of the criteria is facilitated by the data classification methods used. With the sub-criteria created, the criteria were made suitable for weighted overlay analysis in raster data format (Figure 7).



3.2.1. Natural Gas Lines


There is a 23.967 km natural gas distribution network in Istanbul, consisting of steel and polyethylene pipelines. These pipelines can be exposed to corrosion over time due to exposure to air, salt, water, soil, and various other environmental effects. The progression of corrosion over time causes the pipes to be eroded, punctured and shut down. In addition, various unauthorized and uncontrolled excavations are carried out in the city. Uncontrolled gas outputs at high pressure or fire may occur along with puncturing, tearing or breakage in natural gas distribution lines. These situations can cause interruption of gas supply, damage, and accidents that may result in injury and death [67]. In these situations, which require urgent intervention, the teams need to reach the scene quickly and intervene [20,46,49,50]. Natural gas line data were obtained from the Istanbul gas distribution company and added to the study as a criterion. The classification was made at 500 m intervals [68,69]. Areas close to natural gas lines were given high scores.




3.2.2. Natural Gas Notification Density


Within the scope of this study, the distribution of natural gas notifications gives the density of the places with the most interventions in Istanbul. This was considered an important factor in the selection of the emergency center location. Xu et al. [70], Dong et al. [71], and Golabian et al. [72] evaluated notifications as criteria in the location selection of fire and ambulance stations. The 216,935 natural gas notifications in 2019, the records of which were kept by the Istanbul gas distribution company, were transferred to the GIS environment on a neighborhood basis. Natural gas notification density was calculated on a neighborhood basis, and classification was made according to the Natural Breaks (Jenks) method. Places with high density were given high points, and places with low density were given low points.




3.2.3. District Regulating Stations


Devices that can reduce 25 bar natural gas pressure up to 4 bars in the city are contained in district regulating stations. Routine controls of the district regulating stations are carried out at regular intervals by natural gas emergency response teams [73]. In some emergency notifications, it may be necessary to intervene directly at district regulating stations [47,74]. District regulating stations were evaluated as a criterion within the scope of this study. A total of 1952 district regulating stations in Istanbul were transferred to the GIS environment. The classification was made based on the distance between the regulating stations. Proximity to regulators was given a high score.




3.2.4. Existing Natural Gas Emergency Response Team Centers (NGERTCs)


It is necessary to pay attention to the location of the planned NGERTCs so that they are at a sufficient distance from other existing NGERTCs and take the maximum workload possible. It is important to open an optimal number of new centers and meet demand in the selection of emergency centers [75,76]. Many researchers have determined the distance to the existing centers as a criterion for new emergency response center location selection [26,27,37,60,77]. While planning NGERTCs settlement, the distance between two NGERTCs was determined as a minimum of 2 km by the Istanbul gas distribution company. The closest distance between the existing NGERTCs in Istanbul is 2 km. The classification was made based on this distance. Existing NGERTCs were given the highest score for the furthest distance and the lowest score for the closest distance.




3.2.5. Main Roads


Emergency response team vehicles should be connected to the main roads that are least affected by heavy traffic. Proximity to main roads was considered an essential criterion for ambulance and fire station location selection [34,35,36,37,60,77]. To respond quickly to notices, NGERTC should be planned to be located on main roads or on side streets within easy reach of a main road. For this reason, priority was given to the selection of places close to main roads. The classification was made at 50 m intervals [35].




3.2.6. Natural Gas Subscriber Density


Population density is one of the most important factors for emergency response center site selection studies [35,37,60,77,78]. In this study, natural gas subscriber density was used instead of population density to achieve more focused results for the aim of the model. There are over 6.5 million natural gas subscribers in the Istanbul metropolitan area. In places where the number of subscribers is high, the risk of emergencies arising from the use of natural gas is high. For this reason, it was suggested as a criterion that natural gas emergency response teams be located close to places with a high natural gas subscriber density. Natural gas subscriber density was calculated for each neighborhood and classification was made according to the Natural Breaks (Jenks) method. Area and subscriber number information was obtained from the Istanbul Metropolitan Municipality. Places with high subscriber density were given high scores, and places with low subscriber density were given low scores.




3.2.7. Regional Markets


Markets set up on the streets can extend the time for emergency response teams to reach and respond to the scene [79]. It is recommended that the emergency response centers should be 50 m away from the main roads [35], and the emergency response teams should not encounter any obstacles in reaching the main roads [38]. At the transportation point, NGERTCs should not be established on streets where markets are set up, as these will affect the vehicle’s time to reach the scene. That is why the information on 402 street markets in Istanbul from the Turkey Ministry of Commerce Market Registration System was transferred to the street-based GIS environment. Considering the traffic that may occur around marketplaces, classification was made at 50 m intervals. Areas close to regional markets were given low scores.
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Table 2. Description of NGERTC site selection criteria.






Table 2. Description of NGERTC site selection criteria.





	No.
	Criteria
	Description
	References





	1
	Proximity to Natural Gas Lines
	In emergencies, it is necessary to intervene quickly in natural gas pipelines. NGERTCs should be close to natural gas pipelines.
	[20,46,48,49,50]



	2
	Natural Gas Notification Density
	Regions with high natural gas notification density need more NGERTCs.
	[39,41,70,71,72]



	3
	Proximity to District Regulating Stations
	It is necessary for NGERTC sites to be close to district regulating stations.
	[47,74]



	4
	Distance to Existing NGERTC
	It is necessary for new NGERTC sites to be far away from existing NGERTCs.
	[26,27,37,60,75,76,77]



	5
	Proximity to Main Roads
	It is necessary for NGERTC sites to be close to main roadways.
	[34,35,36,37,60,77]



	6
	Natural Gas Subscriber Density
	Regions with high natural gas subscriber density need more NGERTCs.
	[35,37,60,77,78]



	7
	Distance to Regional Markets
	It is necessary for NGERTCs to be far away from regional markets.
	[79]
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Table 3. Source of criteria data and GIS analysis type.






Table 3. Source of criteria data and GIS analysis type.





	No.
	Criteria
	Format of Raw Data
	Data Source
	Analysis Type





	1
	Proximity to Natural Gas Lines
	Vector
	Istanbul Gas Distribution Company (IGDAS)
	Euclidean Distance



	2
	Natural Gas Notification Density
	Vector
	Istanbul Gas Distribution Company (IGDAS)
	Density



	3
	Proximity to District Regulating Stations
	Vector
	Istanbul Gas Distribution Company (IGDAS)
	Euclidean Distance



	4
	Distance to Existing NGERTC
	Vector
	Istanbul Gas Distribution Company (IGDAS)
	Euclidean Distance



	5
	Proximity to Main Roads
	Vector
	Open Street Map Data
	Euclidean Distance



	6
	Natural Gas Subscriber Density
	Vector
	Istanbul Metropolitan Municipality
	Density



	7
	Distance to Regional Markets
	Vector
	Turkey Ministry of Commerce Market Registration System
	Euclidean Distance










[image: Table] 





Table 4. Criterion values for new NGERTCs.






Table 4. Criterion values for new NGERTCs.











	No.
	Criteria
	Sub-Criterion
	Value





	1
	Proximity to Natural Gas Lines
	0–500 m
	5



	
	
	500–1000 m
	4



	
	
	1000–1500 m
	3



	
	
	1500–2000 m
	2



	
	
	>2000 m
	1



	2
	Natural Gas Notification Density
	800–1.686
	5



	
	(per square kilometer)
	509–800
	4



	
	
	264–509
	3



	
	
	79–264
	2



	
	
	0–79
	1



	3
	Proximity to District Regulating Stations
	0–150 m
	5



	
	
	150–300 m
	4



	
	
	300–450 m
	3



	
	
	450–600 m
	2



	
	
	600 m<
	1



	4
	Distance to Existing NGERTC
	>8 km
	5



	
	
	6–8 km
	4



	
	
	4–6 km
	3



	
	
	2–4 km
	2



	
	
	0–2 km
	1



	5
	Proximity to Main Roads
	0–50 m
	5



	
	
	50–100 m
	4



	
	
	100–150 m
	3



	
	
	150–200 m
	2



	
	
	>200 m
	1



	6
	Natural Gas Subscriber Density
	16.727–36.235
	5



	
	(per square kilometer)
	9.350–16.727
	4



	
	
	4.629–9.350
	3



	
	
	1.420–4.629
	2



	
	
	0–1.420
	1



	7
	Distance to Regional Markets
	>200 m
	5



	
	
	150–200 m
	4



	
	
	100–150 m
	3



	
	
	50–100 m
	2



	
	
	0–50 m
	1










3.3. Fuzzy Analytic Hierarchy Process (FAHP)


The analytical hierarchy method (AHP) developed by Satty is a decision-making process used to choose the best alternative by using more than one criterion in solving complex problems [80,81]. A hierarchical structure is created in line with the criteria and decision alternatives. Alternatives are selected and ranked according to the degree of weight given to the criteria. Although the analytic hierarchical method, which is one of several multi-criteria decision-making methods, is used in the solution of many problems, sometimes it is not sufficient for solving problems in uncertain and complex situations. The fuzzy logic theory was presented by Zadeh for the solution of uncertainty situations [82,83]. Thanks to this theory, decision makers are able to express the uncertainties in comparison rates more clearly by making intermittent evaluations instead of precise evaluations [84]. A fuzzy set A is defined by a function, each element of which has a membership degree ranging from 0 to 1. Triangular fuzzy numbers (TFNs), which are widely used among fuzzy numbers, are defined as M = (l, m, u) [85]. A triangular fuzzy number is shown in Figure 8.



The l, m, and u values represent triangular fuzzy numbers. l = lowest value, m = most likely value, and u = highest value. The membership function of a triangular fuzzy number is represented as A = (l, m, u).



In Equation (1), l, m, and u represent the lower limit, middle value and upper limit of the triangular fuzzy number A, respectively [86].


  µ  ( X )  =  {      x < m ,   1        (  x − l  )  /  (  m − l  )  ,   1 ≤ x ≤ m        (  u − x  )  /  (  u − m  )  ,   m ≤ x ≤ u         0 ,   o t h e r w i s e       .  



(1)







While A1 = (l1, m1, u1) and A2 = (l2, m2, u2) are two triangular fuzzy numbers (TFNs), basic fuzzy operations (addition, subtraction, multiplication, division) on fuzzy numbers are defined in Equations (2)–(5) [87].


   A 1  ⊕  A 2  =  (   l 1  +  l 2  ,    m 1  +  m 2  ,    u 1  +  u 2   )  ,  



(2)






   A 1  ⊖  A 2  =  (   l 1  −  l 2  ,    m 1  −  m 2  ,    u 1  −  u 2   )  ,  



(3)






   A 1  ⊙  A 2  =  (   l 1  ×  l 2  ,    m 1  ×  m 2  ,    u 1  ×  u 2   )  ,  



(4)






   A 1  ⊘  A 2  =  (   l 1  ÷  l 2  ,    m 1  ÷  m 2  ,    u 1  ÷  u 2   )  ,  



(5)







Before the fuzzy pairwise comparison matrix is built, the consistency of the comparison matrices should be tested. In order to measure the consistency of the judgments regarding pairwise comparison, the use of the consistency ratio suggested by Saaty [87]. The consistency ratio (CR) is calculated using Equation (6). If the consistency ratio is less than 0.1, the matrix is considered to be consistent. If this ratio is above 0.10, the matrices are considered inconsistent, and the evaluation needs to be re-considered.


  C R =   C I   R I   =    λ m  − n   n − 1   .  



(6)




where CI is the consistency index, λm is the principal eigenvalue of the comparison matrix, and RI is the random index which depends on the matrix size (n),



As a result of applying fuzzy logic in AHP, the Fuzzy Analytical Hierarchy Method (FAHP) is obtained. Thanks to FAHP, evaluation processes of decision makers are simpler than when using simple AHP. Different methods are used to integrate fuzzy logic and AHP [88,89,90]. In this study, the geometric mean method developed by Buckley [89] was used. As shown in Equation (7), a triangular fuzzy comparison matrix is created to express expert judgments.


  A =    (    a    i j     )    n x n   =  [       (  1 ,   1 , 1  )       (   l  12   ,  m  12   ,  u  12    )     …     (   l  1 n   ,  m  1 n   ,  u  1 n    )         (   l  21   ,  m  21   ,  u  21    )       (  1 ,   1 , 1  )     …     (   l  2 n   ,  m  2 n   ,  u  2 n    )       …   …     (  1 ,   1 , 1  )     …       (   l  n 1   ,  m  n 1   ,  u  n 1    )       (   l  n 2   ,  m  n 2   ,  u  n 2    )     …     (  1 ,   1 , 1  )       ]  .  



(7)




where    a  i j   =  (   l  i j   ,  m  i j   ,  u  i j    )    and    a  i j   − 1   =  (  1 /  u  i j   , 1 /  m  i j   , 1 /  l  i j    )    for i, j = 1, …, n and i ≠ j



Table 5 shows the triangular fuzzy values in the pairwise comparison matrix used in the study.



Using the geometric mean method proposed by Buckley [89] in Equations (8) and (9), the fuzzy geometric mean and fuzzy weights of each criterion are calculated.


    w ˜  i  =   r ˜  i  ⊗    (    r ˜  1  ⊕ … ⊕   r ˜  n   )    − 1    



(8)






    r ˜  i  =    (    a ˜   i 1   ⊗   a ˜   i 2   … ⊗   a ˜   i n    )    1 / n    



(9)




where     r ˜  i    is the geometric mean and     w ˜  i    is the fuzzy weighting of the criteria.



Using the center of area (COA) method given in Equation (10), the fuzzy weights are defuzzified.


   w i  =  (    l + m + u    3   )  .  



(10)







Finally, normalization of the weights obtained is done.



After obtaining the data for the criteria determined within the scope of the study and making the relevant transformations, the consistency ratio of the pairwise comparison matrices was tested using AHP. The CR value was calculated to be less than 0.1 and the comparison matrices were found to be consistent. In the study, the CR value was calculated as 0.04 and using the triangular fuzzy numbers in Table 5, new fuzzy pairwise comparison matrices were created. Then, a single fuzzy pairwise comparison matrix was created to synthesize expert judgments and the FAHP hierarchical structure of the study was designed as shown in Figure 9. The fuzzy weight matrix was created by using the geometric mean method in Equations (8) and (9). Defuzzification was done with the center of area (COA) approach in Equation (10). Finally, as shown in Table 6, the weights of the criteria were obtained by normalizing the de-fuzzified weights.





4. Results and Discussion


Within the scope of this study, a solution was developed by integrating the Geographic Information System (GIS) and Fuzzy Analytical Hierarchy Management (FAHP) to determine the optimal locations of NGERTCs in the Istanbul metropolis. First of all, an analysis of accessible areas within 15 min was carried out from 36 existing NGERTCs. Using the network analysis (in GIS), it was concluded that 70.04% of the natural gas lines and 91.03% of natural gas subscribers in the Istanbul metropolis are within the 15 min coverage area of the 36 existing NGERTCs. As seen in Table 1, all notifications can be reached within 15 min in nine natural gas intervention zones (Üsküdar, Yenibosna, Mecidiyeköy, Güngören, Fulya, Fatih, Bayrampaşa, Bağcılar, and Adalar). In addition, 100% of the natural gas lines and subscribers in these nine regions are within the 15 min coverage area of 10 NGERTCs. There are 10 natural gas intervention zones (Ataşehir, Avcılar, Bakırköy, Kadıköy, Kağıthane, Kartal, Maltepe, Sultangazi, Taksim and Ümraniye) with natural gas line coverage over 80% and natural gas subscriber coverage over 90%. There are 11 NGERTCs in these 10 natural gas intervention zones. Depending on the traffic density, the notifications in these regions may not be addressed within 15 min. There are 13 natural gas intervention zones (Arnavutköy, Başakşehir, Beykoz, Beylikdüzü, Çatalca, Eyüp, Kurtköy, Pendik, Küçükçekmece, Sancaktepe, Silivri, Şile, and Tarabya) with a coverage rate of less than 80% of natural gas lines and 90% of natural gas subscribers. The 15 NGERTCs in these 13 natural gas response zones cannot respond to some notifications within 15 min due to the size of the intervention zone area and heavy traffic. These results show a need for new NGERTCs to respond to natural gas notifications more effectively and quickly in the Istanbul metropolitan area. The proposed NGERTCs in this study, will be able to improve the response capability of these centers.



Secondly, the weighting of the seven criteria determined for the selection of the locations of the new NGERTCs using the FAHP approach supported by expert opinion, was made as shown in Table 6. The weights of the criteria are respectively natural gas subscriber density-29%, natural gas notification density: 26%; proximity to natural gas lines: 19%; proximity to main roads: 10%; distance to regional markets: 5%; distance to existing NGERTC: 4%; and proximity to district regulating stations: 6%. The consistency ratio (CR) was found to be 0.04 in the evaluation of the criteria. Since the CR value was less than 0.1, the criteria were considered to be consistent and reliable. Distance and proximity spatial analyses of the criteria, which were transformed into a spatial data layer, were made. As shown in Figure 7, a reclassification process was performed for each criterion, and suitability maps were prepared with value ranges between 1 and 5. Weighted overlay analysis was performed using the weights of the criteria obtained from the FAHP. As a result of this analysis, a suitability map (Figure 10) was obtained for NGERTCs.



In this study, two restrictions were determined for the new NGERTC site selection. These restrictions are areas without natural gas use (Figure 11) and 15 min coverage areas of existing NGERTCs (Figure 12). These restriction areas were extracted from the NGERTC suitability map (Figure 10). After this process, the suitability map for proposed NGERTCs was obtained (Figure 13).



The resulting suitability map was classified according to unsuitable, less suitable, moderately suitable, suitable, and highly suitable areas. As a result of this analysis, it was proposed to open 12 new NGERTCs for the Istanbul metropolis. Seven NGERTCs on the European side and 5 NGERTCs on the Anatolian side were proposed. Two new NGERTCs for the Büyükçekmece district and one new NGERTC for the Esenyurt, Avcılar, Sultangazi, Eyüpsultan, Üsküdar, Çekmeköy, Sultanbeyli, Kartal and Tuzla districts were proposed. When the evaluation was made according to the natural gas intervention zones, three new NGERTCs were proposed for the Beylikdüzü natural gas intervention zone, where the number of subscribers is highest and traffic density is high. One new NGERTC has been proposed in the Avcılar intervention zone, where the number of notifications is highest and traffic density is high. One new NGERTC was proposed for the Küçükçekmece, Eyüp, and Sultangazi natural gas intervention zones on the European side. Two new NGERTCs were proposed for the Sancaktepe natural gas intervention zone, which has the highest number of subscribers and notifications on the Anatolian side. One new NGERTC was proposed for the Kartal, Ümraniye and Pendik emergency response areas located on the Anatolian side (Figure 14). In Table 7, the locations of the proposed 12 new NGERTCs and their features are given.



The number of natural gas subscribers in the proposed NGERTC regions 1, 2, 3, 9, and 10 has increased greatly in the recent years. Therefore, new NGERTCs were needed. On the other hand, in proposed NGERTC regions 4, 5, 7, 8 and 11, there are difficulties in reaching notifications due to the high natural gas subscriber density and traffic. Planning new NGERTCs for these regions has become crucial. Regions 6, 9, 10, and 12 are far from the current NGERTC coverage area and have high natural gas subscriber density. For this reason, it is recommended to open new NGERTCs in these regions. In addition, it has been observed that there is high natural gas alert density in the proposed NGERTC zones 3, 4 and 7.



When the locations of the proposed 12 NGERTC were examined, it was revealed that NGERTCs should be opened in the south and middle parts of the Istanbul metropolis where the population density is high. The Büyükçekmece and Esenyurt districts on the west side of the city center, the Tuzla district on the east side and the Sultanbeyli and Çekmeköy districts on the north side of the city center, in particular, have new settlements, and planning new NGERTCs for these districts is important due to the increasing population density. In addition, there is a need for new NGERTCs in the Üsküdar, Kartal, and Eyüpsultan districts, with high population and traffic densities located in the city center. Within the scope of this study, it is not recommended to open a new NGERTC for the regions located within the borders of Çatalca, Silivri, and Arnavutköy, located in the northwest of the city, and Şile, located in the northeast of the city. The main reason for this situation is the low density of natural gas subscribers, low number of natural gas lines and large coverage areas. At the same time, these areas are mostly rural, and the natural gas subscribers from these regions is less than 3% of the total number of natural gas subscribers in Istanbul. At the same time, it does not seem feasible to open new NGERTCs for these regions at this stage due to the large areas involved; the scattered settlement pattern of subscribers also makes this difficult to manage. In the near future, the potential for opening new NGERTCs should be re-evaluated based on the development of the new settlement areas and population growth that may occur in these regions.



Finally, a 15 min coverage analysis was conducted using the network analysis method for a total of 48 NGERTCs, including 36 existing NGERTCs and 12 proposed NGERTCs. As shown in Figure 15, as a result of 12 new NGERTCs added to the existing NGERTCs, it was seen that the coverage of the natural gas network in the Istanbul metropolis may increase from 70.04% to 83.86% for a 15 min response time. In addition, with the addition of the new NGERTC, the accessibility rate with regard to natural gas subscribers within 15 min would increase from 91.03% to 96.27%. The addition of the new NGERTCs would also increase the number of natural gas subscribers that can be reached in Istanbul from 6.053.056 to 6.400.078.



In this study, 12 NGERTCs were proposed for 9 of 32 natural gas intervention zones. The change in the coverage area of these nine natural gas intervention zones in terms of natural gas lines and natural gas subscribers was examined. The change in the 15-min coverage area is given in Table 8. Three NGERTCs were proposed for the Beylikdüzü natural gas intervention zone, which has the lowest natural gas subscriber coverage rate. Natural gas subscriber coverage in the Beylikdüzü zone would be increased from 56.21% to 99.07%. With a proposed NGERTC for the Küçükçekmece natural gas intervention, the coverage rate could reach 100%. By the proposal of a new NGERTC within the Avcılar, Ümraniye, Eyüp, Sultangazi, Kartal, Pendik and Sancaktepe natural gas intervention zones, the coverage rate of natural gas subscribers in these zones could exceed 97%.




5. Conclusions


Although attempts are made to address notifications requiring emergency response from the existing 36 NGERTCs spread throughout Istanbul as rapidly as possible, the legal limit of 15 min can be exceeded depending on the population and traffic density. Within the scope of this study, this situation was confirmed by first performing a 15 min coverage area analysis. In order to overcome this problem, the need to open new NGERTCa emerged. In the second phase of this study, a GIS-based multi-criteria FAHP approach was used to determine the most suitable locations of new NGERTCs in the Istanbul metropolitan area, which has over 6.5 million natural gas subscribers. Twelve suitable locations were determined by spatial analyses carried out in line with the criteria determined by experts. In the last stage of the study, the establishment of 12 new NGERTCs in the identified locations, in addition to the existing 36 NGERTCs was included, and a 15 min coverage analysis was made for 48 NGERTCs. Natural gas line coverage increased from 70.04% to 83.86%, and natural gas subscriber coverage increased from 91.03% to 96.27%.



The developing economy and urbanization of the city of Istanbul has caused an increase in the number of natural gas subscribers. At this point, NGERTC locations and numbers are of critical economic and social importance for the city of Istanbul. With this study, it was revealed that the number of natural gas subscribers is increasing day by day, and the existing NGERTCs are insufficient in responding to natural gas notifications. New NGERTC investments need to be planned against potential threats that may arise from the use of natural gas. NGERTCs planned in sufficient numbers and in the right location ensure the security of natural gas users and reduce possible economic losses. This study is the first GIS and multi-decision based study to determine the locations of NGERTCs. As a result of the study, the use of GIS and FAHP were e found to be adequate for solving the related problems. The results were found to be consistent and satisfactory in consultation with the experts in the natural gas sector.



One of the limitations of this study is the criteria used for new NGERTC site selection. In this study, site selection criteria were proposed for the first time for NGERTC. A change in criteria may have a causal effect on the model applied. This situation may also affect the optimum number of NGERTCs. In future studies, different site selection criteria can be used according to the study area, and other multiple decision support methods can be used by comparing the differences. Another limitation is that the purposes of opening the new NGERTCs may differ. Spatial coverage can be improved by using different mathematical models that consider the capacities and resource limits of existing NGERTCs.



The population of the city of Istanbul is increasing every year. For this reason, alternative NGERTCs should be planned by taking into account the new settlement area plans that may be zoned for construction in the near future. In addition, it is useful to evaluate alternative models in terms of rapid transportation to natural gas subscribers in the rural areas of the city. Finally, GIS-based MCDM methods can be applied to determine priority in terms of the proposed NGERTCs.
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Figure 1. The map of the study area (Istanbul metropolitan area). 
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Figure 2. Number of natural gas subscribers by years in Istanbul. 
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Figure 3. Natural gas emergency response team center building in Ataşehir natural gas intervention zone. 
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Figure 4. The workflow of site selection study of natural gas emergency response team centers. 
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Figure 5. New natural gas emergency response team center location analysis model. 
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Figure 6. Natural gas emergency response team center 15 min coverage areas and natural gas intervention zones. 
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Figure 7. Raster maps of criteria. (a) proximity to natural gas lines; (b) natural Gas notification density; (c) proximity to district regulating stations; (d) distance to existing NGERTC; (e) proximity to main roads; (f) natural gas subscriber density; (g) distance to regional markets. 
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Figure 8. Triangular fuzzy number, A = (l, m, u). 
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Figure 9. Hierarchical structure of FAHP. 
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Figure 10. Suitability map for NGERTCs. 
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Figure 11. Natural gas usage areas. 
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Figure 12. Existing NGERTC 15 min coverage areas. 
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Figure 13. Suitability map for proposed NGERTC. 
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Figure 14. Suitability map for proposed new NGERTC locations. 
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Figure 15. Existing and proposed NGERTC 15 min coverage areas. 
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Table 1. Coverage percentage, number of NGERTCs, staff by, intervention zones and natural gas notifications per subscriber.
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	No.
	Name of Natural Gas Intervention Zone
	Number of NGERTCs
	Number of Staff in NGERTC
	Natural Gas Notifications per Subscriber
	15 Min Coverage Percentage (Natural Gas Lines)
	15 Min Coverage Percentage (Natural Gas Subscribers)





	1
	Adalar
	1
	11
	0.133
	100%
	100%



	2
	Arnavutköy
	1
	15
	0.054
	64.30%
	81.20%



	3
	Ataşehir
	1
	20
	0.034
	96.30%
	99.64%



	4
	Avcılar
	1
	23
	0.038
	89.90%
	93.49%



	5
	Bakırköy
	1
	16
	0.033
	81%
	94.51%



	6
	Başakşehir
	1
	16
	0.025
	60.20%
	78.96%



	7
	Bayrampaşa
	1
	14
	0.028
	100%
	100%



	8
	Beykoz
	1
	17
	0.037
	39.40%
	82.92%



	9
	Beylikdüzü
	1
	24
	0.037
	33.80%
	56.21%



	10
	Çatalca
	2
	18
	0.063
	34.20%
	77.32%



	11
	Bağcılar
	1
	17
	0.032
	100%
	100%



	12
	Eyüp
	1
	17
	0.037
	78.09%
	86.32%



	13
	Fatih
	1
	18
	0.037
	100%
	100%



	14
	Fulya
	2
	17
	0.030
	100%
	100%



	15
	Güngören
	1
	16
	0.029
	100%
	100%



	16
	Kadıköy
	1
	17
	0.023
	98.53%
	99.60%



	17
	Kağıthane
	2
	17
	0.028
	83.89%
	95.17%



	18
	Kartal
	1
	16
	0.029
	91.51%
	94.22%



	19
	Kurtköy
	1
	19
	0.030
	56.61%
	86.76%



	20
	Küçükçekmece
	1
	19
	0.034
	79.25%
	88.81%



	21
	Maltepe
	1
	16
	0.026
	83.47%
	92.28%



	22
	Mecidiyeköy
	1
	16
	0.026
	100%
	100%



	23
	Pendik
	1
	17
	0.026
	77.21%
	87.84%



	24
	Sancaktepe
	1
	18
	0.035
	69.12%
	86.32%



	25
	Silivri
	1
	18
	0.063
	21.27%
	77.40%



	26
	Sultangazi
	1
	21
	0.034
	86.22%
	92.71%



	27
	Şile
	2
	17
	0.029
	35.16%
	74.25%



	28
	Taksim
	1
	14
	0.027
	80.90%
	94.23%



	29
	Tarabya
	1
	16
	0.027
	45.68%
	88.34%



	30
	Ümraniye
	1
	18
	0.034
	87.76%
	94.21%



	31
	Üsküdar
	1
	17
	0.030
	100%
	100%



	32
	Yenibosna
	1
	18
	0.034
	100%
	100%



	Total
	
	36
	553
	0.033
	70.04%
	91.03%
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Table 5. The scale of FAHP pair-wise comparison [87,91].
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	Linguistic Variables
	Value
	Triangular Fuzzy Scaling
	Triangular Fuzzy Reciprocal Scaling





	Equal
	1
	(1, 1, 1)
	(1,1,1)



	Moderate
	3
	(2, 3, 4)
	(1/4, 1/3, 1/2)



	Strong
	5
	(4, 5, 6)
	(1/6, 1/5, 1/4)



	Very Strong
	7
	(6, 7, 8)
	(1/8, 1/7, 1/6)



	Extremely Strong
	9
	(9, 9, 9)
	(1/9, 1/9, 1/9)



	Intermediate Values
	2, 4, 6, 8
	(1, 2, 3), (3, 4, 5), (5, 6, 7)
	(1/3, 1/2, 1), (1/5, 1/4, 1/3)
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Table 6. Pairwise comparison matrix and weight values of criteria for natural gas emergency response team centers.
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	Criteria
	Natural Gas Line
	Natural Gas Notice
	District Regulating Stations
	Existing NGERTC
	Main Roads
	Natural Gas Subscriber
	Regional Markets
	W (Normalized Weights)





	Natural Gas Line
	(1, 1, 1)
	(1/3, 1/2, 1)
	(3, 4, 5)
	(3, 4, 5)
	(2, 3, 4)
	(1/3, 1/2, 1)
	(2, 3, 4)
	0.189



	Natural Gas Notice
	(1, 2, 3)
	(1, 1, 1)
	(3, 4, 5)
	(6, 7, 8)
	(3, 4, 5)
	(1/3, 1/2, 1)
	(3, 4, 5)
	0.261



	District Regulating Stations
	(1/5, 1/4, 1/3)
	(1/5, 1/4, 1/3)
	(1, 1, 1)
	(1, 2, 3)
	(1/3, 1/2, 1)
	(1/4, 1/3, 1/2)
	(1, 2, 3)
	0.072



	Existing NGERTC
	(1/5, 1/4, 1/3)
	(1/8, 1/7, 1/6)
	(1/3, 1/2, 1)
	(1, 1, 1)
	(1/4, 1/3, 1/2)
	(1/7, 1/6, 1/5)
	(1/3,1/2, 1)
	0.039



	Main Roads
	(1/4, 1/3, 1/2)
	(1/5, 1/4, 1/3)
	(1, 2, 3)
	(2, 3, 4)
	(1, 1, 1)
	(1/4, 1/3, 1/2)
	(2, 3, 4)
	0.100



	Natural Gas Subscriber
	(1, 2, 3)
	(1, 2, 3)
	(2, 3, 4)
	(5, 6, 7)
	(2, 3, 4)
	(1, 1, 1)
	(4, 5, 6)
	0.289



	Regional Markets
	(1/4, 1/3, 1/2)
	(1/5, 1/4, 1/3)
	(1/3, 1/2, 1)
	(1, 2, 3)
	(1/4,1/3, 1/2)
	(1/6, 1/5, 1/4)
	(1, 1, 1)
	0.051
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Table 7. Locations of proposed NGERTCs and their features.
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	No.
	Natural Gas Intervention Zone
	Neighborhood
	District
	Proposed NGERTC Location Features





	1
	Beylikdüzü
	Mimaroba
	Büyükçekmece
	Increase in the number of natural gas subscribers



	2
	Beylikdüzü
	Atatürk
	Büyükçekmece
	Increase in the number of natural gas subscribers



	3
	Beylikdüzü
	Battalgazi
	Esenyurt
	Increase in the number of natural gas subscribers, High natural gas notification



	4
	Avcılar
	Denizköşkler
	Avcılar
	High subscriber, natural gas notice, and traffic density



	5
	Küçükçekmece
	Halkalı
	Küçükçekmece
	High subscriber and traffic density



	6
	Sultangazi
	Eski Habipler
	Sultangazi
	Outside the city center—High subscriber density



	7
	Eyüp
	Karadolap
	Eyüpsultan
	High subscriber, natural gas notice and traffic density



	8
	Ümraniye
	Küplüce
	Üsküdar
	High subscriber and traffic density



	9
	Sancaktepe
	Mimar Sinan
	Çekmeköy
	Outside the city center—Increase in the number of natural gas subscribers



	10
	Sancaktepe
	Ahmet Yesevi
	Sultanbeyli
	Outside the city center—Increase in the number of natural gas subscribers



	11
	Kartal
	Hürriyet
	Kartal
	High subscriber and traffic density



	12
	Pendik
	Mimar Sinan
	Tuzla
	Outside the city center—High subscriber density
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Table 8. Coverage percentage and number of existing and proposed NGERTCs by intervention zones.
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	No
	Name of Natural Gas Intervention Zones
	Proposed NGERTCs
	Number of NGERTCs
	15 Min Coverage Percentage (Natural Gas Line)
	15 Min Coverage Percentage (Natural Gas Subscribers)





	1
	Adalar
	0
	1
	100%
	100%



	2
	Arnavutköy
	0
	1
	64.30%
	81.20%



	3
	Ataşehir
	0
	1
	96.30%
	99.64%



	4
	Avcılar
	1
	2
	99.38%
	99.79%



	5
	Bakırköy
	0
	1
	81%
	94.51%



	6
	Başakşehir
	0
	1
	60.20%
	78.96%



	7
	Bayrampaşa
	0
	1
	100%
	100%



	8
	Beykoz
	0
	1
	39.40%
	82.92%



	9
	Beylikdüzü
	3
	4
	96%
	99.07%



	10
	Çatalca
	0
	2
	34.20%
	77.32%



	11
	Bağcılar
	0
	1
	100%
	100%



	12
	Eyüp
	1
	2
	99.04%
	99.86%



	13
	Fatih
	0
	1
	100%
	100%



	14
	Fulya
	0
	2
	100%
	100%



	15
	Güngören
	0
	1
	100%
	100%



	16
	Kadıköy
	0
	1
	98.53%
	99.6%



	17
	Kağıthane
	0
	2
	83.89%
	95.17%



	18
	Kartal
	1
	2
	98.83%
	99.84%



	19
	Kurtköy
	0
	1
	56.61%
	86.76%



	20
	Küçükçekmece
	1
	2
	100%
	100%



	21
	Maltepe
	0
	1
	88.31%
	92.28%



	22
	Mecidiyeköy
	0
	1
	100%
	100%



	23
	Pendik
	1
	2
	90.21%
	97.92%



	24
	Sancaktepe
	2
	3
	83.12%
	97.64%



	25
	Silivri
	0
	1
	21.27%
	77.40%



	26
	Sultangazi
	1
	2
	93.86%
	98.83%



	27
	Şile
	0
	2
	35.16%
	74.25%



	28
	Taksim
	0
	1
	80.90%
	94.23%



	29
	Tarabya
	0
	1
	45.68%
	88.34%



	30
	Ümraniye
	1
	2
	98.76%
	99.72%



	31
	Üsküdar
	0
	1
	100%
	100%



	32
	Yenibosna
	0
	1
	100%
	100%



	Total
	
	12
	48
	83.86%
	96.27%
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