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Abstract

:

The sustainable management of forest ecosystems is directly linked to the management of forest fires. The increasing occurrence of wildfires has prompted the need for the establishment of infrastructure aimed at addressing them. The placement of anti-fire water reservoirs can address the lack of water intake points. This study introduces a decision support system (DSS) tailored for the optimal allocation of anti-fire water reservoirs in Mediterranean forest ecosystems, ensuring a reliable water supply for firefighting operations. The methodology integrates the analytical hierarchy process (AHP) and the technique of order of preference by similarity to ideal solutions (TOPSIS) methods, facilitating precise location determination through comprehensive criteria analysis. Additionally, the analysis of the forest road network is incorporated to optimize the placement of water reservoirs. In the forest complex of Taxiarchis, Chalkidiki, Greece, 100 potential reservoir sites were identified and prioritized based on factors such as fire risk, proximity to existing water sources, and coverage area using optimal pathways. The study’s findings demonstrate that by establishing 34 water reservoirs, firefighting forces can access a replenishment point within a 5-min travel time. The conclusions underscore the efficacy of this methodology as a valuable decision-making tool for sustainable wildfire prevention planning. This approach contributes to allocating resources judiciously, effectively mitigating the wildfire risk in Mediterranean forest ecosystems, and therefore promoting sustainability.
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1. Introduction


Forest fires represent one of the most critical issues in the field of natural disasters in the modern era [1,2]. The alarming increase of wildfires over the past decades has led to severe consequences for forest ecosystems and human infrastructure, an exacerbation of climate change, and even the loss of human lives [3]. Furthermore, in the contemporary era, where forest fires pose a global environmental and social risk, the sustainability of forested areas is directly dependent on the effective implementation of measures to mitigate these risks [4].



The confluence of forest fire management, prevention strategies, and fire-resistant planning is pivotal in the pursuit of sustainable forest ecosystems. This symbiotic relationship is anchored in the recognition that effective wildfire measures are indispensable for preserving the equilibrium and longevity of our forests. Foremost, the ecological integrity of forested regions is intimately tied to the proactive management of wildfires. Uncontrolled blazes not only jeopardize the immediate landscape but also unleash a domino effect, disrupting the delicate balance of flora and fauna [5,6]. Implementing robust fire management practices becomes paramount, acting as a shield against the potentially catastrophic consequences for biodiversity. Additionally, sustainable forest management necessitates a strategic embrace of fire-resistant planning [7]. Integrating such planning into the broader framework ensures the continued availability of crucial forest resources. By fostering resilience against potential fire threats, we fortify the capacity of ecosystems to withstand disturbances, thereby promoting the sustainable utilization of forested areas [8].



The emphasis on addressing forest fires should be placed on bolstering preventative measures rather than increasing suppressive approaches [9,10,11]. Proactive action against forest fires encompasses a comprehensive set of measures and policies aimed at reducing the probability of fire ignition, limiting the spread of any fire incidents, minimizing potential fire-related damages, and ensuring the existence of an efficient fire detection and rapid extinguishment mechanism [12,13]. In Greece, the presence of wildfires constitutes an insurmountable obstacle to the preservation of the integrity of forests. Especially over the last three decades, addressing wildfires has emerged as the primary focus of forestry and firefighting services, unfortunately imposing significant financial burdens [14,15,16]. Fires, both within and beyond Greek borders, compose an exceptionally intricate and continually expanding social, environmental, and economic problem. This phenomenon arises from a myriad of factors, including changes in socio-economic and climatic conditions, human activities, and the lack of suitable institutional regulations [17,18].



The proximity of a forest region to the road network is a critical factor shaping the dynamics of forest fires [19]. Whether roads are present or absent in forested areas significantly influences fire management strategies, firefighting efforts, and the overall vulnerability of ecosystems and communities. This proximity directly impacts fire access, spread, and the efficiency of response efforts [20]. In areas close to well-maintained roads, firefighting teams can swiftly mobilize, reducing the time required to reach the ignition point and enabling a rapid response to limit and control the fire spread [21]. Conversely, fires igniting in remote areas, distant from the road network, may face delays in response due to challenging terrain or extended distances. In such cases, fire management services may encounter difficulties effectively deploying firefighting resources, potentially allowing the fire to escalate before containment efforts begin [22].



For the suppression of wildfires during their nascent stages, firefighters must ensure unfettered access to water reservoirs within forested areas [23,24,25]. Paramount to this endeavor are considerations of terrain accessibility and the presence of well-maintained roads leading to water sources [26]. The significance of roads in forest fire management extends beyond their role in immediate firefighting efforts. They serve as linchpins in preventive measures, acting as barriers against the ignition and progression of fires by addressing the root causes and facilitating rapid intervention. Thus, the continual upkeep of the road network becomes imperative, ensuring its optimal functionality throughout the fire season [27,28]. Effective communication stands out as a cornerstone in the battle against forest fires. Timely notification of local authorities upon fire detection is of utmost importance, enabling a swift and coordinated response. Fires identified in their early stages are inherently more manageable, and the expeditious relay of information plays a crucial role in this regard [29,30]. A proactive approach to communication not only aids in extinguishing emerging fires but also minimizes the potential for prolonged blazes resulting from delayed awareness. Upon the detection of a wildfire and the prompt dissemination of information, firefighters can expeditiously mobilize to the site of the initial outbreak, aiming to suppress it before it escalates. The synergy between timely communication and rapid response underscores the efficacy of a comprehensive strategy in mitigating the impact of forest fires [21].



The reinforcement of forest areas with water collection points emerges as a crucial approach to addressing wildfires that threaten forest ecosystems and the environment [31,32]. The development of permanent water supply systems, akin to those already installed in urban environments, faces challenges in forest regions. The economic and technical requirements for implementing such systems in remote forest areas are practically impossible to meet. Nevertheless, the necessity for effective water collection remains imperative [29]. To tackle this challenge, creative thinking and innovation are required [33,34].



The optimization of the allocation of new water collection points is essential, involving the exploration of alternative solutions tailored to the specificities of the forest environment [35]. One such solution is the installation of fire-resistant water reservoirs, which are more accessible and adaptable to the needs of forested areas [34]. In any case, achieving optimal utilization of water resources and establishing effective water collection mechanisms continues to be a priority for the protection of forested expanses. The pursuit of new approaches and solutions opens up new avenues for environmental preservation and the efficient management of forest fires, ensuring a sustainable and secure future for our forested areas [29,31].



Greece represents a typical Mediterranean ecosystem that is susceptible to forest wildfires. The prevention of these wildfires falls under the responsibility of the forestry service, tasked with establishing appropriate infrastructure, including the creation of suitable water intake locations, to enhance firefighting operations. Often faced with limited resources, these services must be allocated optimally. The placement of anti-fire water reservoirs can address the lack of water intake points, yet, until now, there has been no system for optimizing their spatial placement.



The present research focuses on identifying a selection system for the optimal allocation of fire-resistant water reservoirs. The primary objective is to conduct a hierarchical evaluation of various alternative installation sites using the technique of order of preference by similarity to ideal solutions (TOPSIS) methodology. This approach facilitates the final selection and allocation of the best positions, ensuring the most effective and suitable infrastructure for wildfire suppression operations. The application of this methodology signifies an advanced approach to problem-solving, aiming to enhance the process of selecting positions for the efficient addressing of challenges posed by forest fires.



The TOPSIS methodology is a multiple-criteria decision analysis (MCDM) approach [36]. It proposes that the optimal alternative solution from a set of alternatives should exhibit the smallest geometric distance from the ideal solution [37]. It involves comparing each alternative against a set of criteria and determining the distance between each alternative and the ideal solution. The ideal solution is one that maximizes benefits and minimizes costs. Subsequently, the TOPSIS method ranks the alternatives based on their proximity to the ideal solution. The method requires the assignment of characteristic weights that reflect the decision-maker’s relative preferences for the features [38,39]. TOPSIS has been widely employed across various domains, including purchasing decisions, production decision-making, economic performance analysis, and environmental applications [40,41,42,43]. An alternative perspective [44] considers TOPSIS as an MCDM used for evaluating and ranking alternatives based on a set of criteria. It involves determining the similarity of each alternative solution to the ideal and negative ideal solutions. The TOPSIS method calculates a performance score for each alternative and ranks them based on their proximity to the ideal solution. It necessitates predetermined weights for the criteria, which can be subjective or objective.



The optimal allocation of anti-fire water reservoirs through the TOPSIS method was achieved by evaluating a series of criteria, each assigned a distinct weighting coefficient in the final hierarchy. To this end, in the present study, the TOPSIS method was integrated with the application of the analytical hierarchy process (AHP). This combination aimed to enhance the robustness of the decision-making process by considering the diverse influences of criteria and ensuring a comprehensive assessment of alternative solutions. The synergistic utilization of TOPSIS and AHP allows for a more nuanced and refined determination of the ideal locations for fire-resistant water reservoir installations, taking into account the varying degrees of importance assigned to different criteria [45,46]. This integrated approach contributes to the advancement of effective decision support systems in the context of optimizing the placement of firefighting infrastructure.



AHP stands as a robust decision-making method within the realm of multi-criteria decision methods and problem-solving, enabling individuals or groups to effectively prioritize and choose among various alternative solutions [47]. AHP has found extensive applications in domains such as business, engineering, and environmental management [48,49]. The method relies on the quantification of managerial decisions based on the relative importance of multiple conflicting criteria taken into consideration [50]. AHP has been employed in numerous studies, including those pertaining to wildfire risk mapping. It facilitates the identification of objectives, key criteria, and alternative solutions through a hierarchical ranking. In the context of fire risk assessment, AHP serves as a valuable tool for systematically evaluating and structuring decision-making processes [51,52,53,54,55,56]. By quantifying and hierarchically organizing diverse criteria, AHP enables a nuanced analysis that is instrumental in identifying optimal solutions for complex challenges, such as those associated with wildfire management and prevention.



In an era marked by a growing global concern for the sustainability of forests, this research endeavors to make a significant contribution to the adoption of a comprehensive approach applicable to both wildfire planning and the sustainable management of forest ecosystems. This study places a deliberate focus on employing multicriteria analyses, thereby cultivating an innovative and integrated tool specifically designed for the strategic allocation of firefighting water reservoirs. These reservoirs are strategically positioned to enhance the efficiency of forest fire containment efforts. By meticulously considering multiple criteria in the selection process, this approach not only optimizes the geographic placement of these reservoirs but also maximizes their utility as critical water sources in the event of wildfires, therefore promoting sustainable forest management.




2. Materials and Methods


2.1. Research Area


The present research was implemented in the forest complex of Taxiarchis, R.D. of Chalkidiki, Greece. The area, as presented in Figure 1, is located within the administrative boundaries of the Regional Unit of Central Macedonia in northern Greece. It is situated between the parallels of geographic latitude 40°23′–40°28′ and geographic longitude 23°28′–23°34′, or, according to the Greek Geodetic Reference System of 1987 (GGRS ′87), in terms of E, from 452,700 to 463,875 and N, from 4,466,875 to 4,480,675. The elevation ranges from 320 to 1165 m. The area is owned by the Aristotle University of Thessaloniki, Thessaloniki, Greece, which utilizes it for research purposes and student workshops of the Department of Forestry and Natural Environmental Sciences. The total area corresponds to 5870.50 ha. Within these boundaries lies the settlement of Taxiarchis, which, according to the 2011 census data from the Hellenic Statistical Authority, has a population of 1070 residents. Additionally, the area encompasses the infrastructure of the forestry service and tourist accommodations. The entire region falls within the GR127001 and GR1270012 regions of the Natura 2000 network.




2.2. Data Collection


The implementation of the research necessitated the collection of essential geospatial data. The research area of Taxiarchis, Chalkidiki, possesses an approved management study titled “Management Plan of the University Forest Taxiarchis 2012–2021” formulated by the scientific team of the Administration and Management Fund of the Aristotle University of Thessaloniki. From this specific study, the following geospatial data were utilized: the boundaries of the area, the limits of settlements within it, the Digital Elevation Model (DEM), forested sections, tourist and anthropogenic installations, land uses, the hydrographic network, the delineation of the region’s watershed, water supply networks, existing water intake points, and orthophotos of the area.



The geospatial data pertaining to the road network of the area were sourced from the Greek Forestry Service. The region comprises a total road network of 228,823 m, of which, according to the categorization of the Greek Ministry of Infrastructure and Transport, 33,808 m correspond to asphalt-paved provincial roads, 44,428 m to Class A forest roads (width 6–8 m), 9730 m to Class B forest roads (width 4–6 m), and 140,857 m to Class C forest roads (width 4–5 m).



The present research also utilized wildfire risk data for the area, generated by the Institute of Forest Engineering and Surveying at the Aristotle University of Thessaloniki. Specifically, the raster model (Figure 2) with a resolution of 5 m × 5 m was employed. The model depicts the degree of fire occurrence risk on a scale of 0–100, considering 0 as the minimum probability and 100 as the maximum. The creation of the model incorporated the following factors: (a) slope of the terrain, (b) slope aspect, (c) type and density of fuel material, (d) distance from the road network, and (e) distance from anthropogenic infrastructure.




2.3. Identification of Suitable Locations for Deploying Firefighting Water Reservoirs


The proposed TOPSIS methodology suggested for the allocation of water reservoirs in this research constitutes a hierarchical process aimed at identifying the optimal solution from a set of alternative solutions based on predefined criteria. Therefore, it is imperative to create a set of potential locations for the installation of water reservoirs, which will subsequently be analyzed, evaluated, and ranked with the goal of finding the best locations. The allocation of the proposed water reservoirs is based on the assumption that they should be located on or in close proximity to the road network. The objective is to provide immediate accessibility for refueling firefighting vehicles to execute fire suppression operations.



The initial step taken to identify potential locations for the installation of anti-fire water reservoirs involved evaluating existing water intake positions. Utilizing the Network Analysis toolbox within the ArcGIS package, specifically the Service Area tool, segments of the road network served by existing water intake locations were identified within a 5-min travel time via optimal routes. Based on this analysis, the furthest point on the road network from an existing water intake location corresponds to a 5-min travel time. Consequently, in the event of firefighting operations, the total travel time for refueling a firefighting vehicle amounts to 10 min (travel to and from the water intake location to the operation site). These 5-min travel coverage areas toward the existing water intake locations were considered “exclusion zones”, and no new water tank installation locations are proposed on these road network segments, given the sufficient refueling time.



Subsequently, the Generate Points Along Lines tool in the ArcGIS 10.8 software was employed to create points every 1000 m along the road network, excluding the “exclusion zone”, as potential water reservoir installation points. A field visit was conducted to these generated points to assess the feasibility of water tank placement at each location. In cases where placement was not suitable (due to a lack of open space or steep slopes), the position was adjusted near the original and documented using topographic instruments.




2.4. Water Reservoir Allocation Criteria


The TOPSIS methodology aims at ranking the examined alternative solutions. The first step involves determining the criteria to be used for evaluating the alternatives. The allocation of water reservoirs is based on three key criteria. The first concerns the likelihood of fire occurrence at the specific placement location (fire risk criterion—FRC), the second involves the distance from existing water intake points (distance from existing water intake points criterion—EWC), and the third considers the coverage area size through optimal routes (optimal route area coverage criterion—ACC). The synthesis of these criteria contributes to the selection of the optimal location, addressing both the risk factor and the optimization of supply lines for firefighting vehicles. Having established the positions of potential water tank installation points, the next step involved calculating the values for each of the aforementioned criteria.



2.4.1. Fire Risk Criterion (FRC)


The level of fire occurrence risk is a crucial factor in selecting the optimal location for the installation of wildfire water tanks. To calculate the criterion value, Thiessen polygons were generated within the boundaries of the study area for each existing and potential installation site using the corresponding tool in ArcGIS 10.8 software. Thiessen polygons, or proximity zones, constitute a geographical model utilized in geostatistics to represent areas covered more closely by a set of points. Based on the Thiessen polygons created for each potential water reservoir installation site, the Zonal Statistics tool in ArcGIS was employed to compute the sum of fire occurrence risk degrees encompassed by each polygon, according to the gridded risk model of the study area.




2.4.2. Distance from Existing Water Intake Points Criterion (EWC)


The criterion of distance from existing water intake locations was established by considering the fact that the farther an area is from existing supply points, the more essential it is to create a supply installation in that specific area. This method defines areas in terms of optimizing the positions of water tank installations. The assessment of distances from potential water reservoir installation locations to existing water intake locations was conducted using the optimal routes in terms of travel time through the Network Analysis package of the ArcGIS software, applying the Closest Facilities tool. The algorithm calculated the minimum time to each potential installation site from the existing hydrant locations through the optimization of travel time along the best routes.




2.4.3. Optimal Route Area Coverage Criterion (ACC)


The placement of firewater reservoirs is crucial to facilitating the replenishment of firefighting vehicles. One of the key factors in achieving this is to position them strategically for easy and rapid access by firefighting forces. Using the Network Analysis package of the ArcGIS software, specifically the Service Area tool, the length of the road network that can be served within 5 min from each potential water tank installation site was calculated. This was performed through optimal routes, minimizing travel time. After defining the road network segments covered by each water tank within 5 min, the Buffer tool of ArcGIS was applied to these segments at a distance of 100 m. This process generated coverage polygons for each water tank, and their area was calculated as the value of the criterion.





2.5. Analytical Hierarchy Process (AHP)


The estimation of the weighting coefficients of the criteria for potential water reservoir installation sites was conducted using the analytic hierarchy process (AHP) method [47]. The application of the AHP method can be distinguished into four main stages: (a) problem identification and model definition; (b) criteria assessment and creation of the comparison matrix; (c) ranking; and (d) synthesis [48,49,51,52].



In the first stage, the problem is clearly defined, and the main objective is identified. The decision problem should be analyzed in a hierarchy of criteria and sub-criteria leading to the goal. This hierarchical structure allows for a systematic decision-making approach, ensuring that all relevant factors are considered. The second stage involves pairwise comparisons of criteria, sub-criteria, and alternatives. This is the pivotal point of the method, where individual criteria are compared with each other on a scale from 1 to 9, as presented in Table 1. This standardizes the qualitative and quantitative performance of the criteria.



The comparison of results in pairs constitutes the most critical step influencing the estimation of the weighting factors of location criteria. Preferences among the examined criteria in a pairwise comparison are based on the significance that each criterion holds in comparison to the others. For this purpose, a qualitative analysis is required during the comparison of criteria based on their hierarchy of importance. The comparison among the three location criteria for anti-fire water reservoirs (fire risk—FRC, optimal route area coverage—ACC, and distance from existing water intake points—EWC) was guided by the needs that the water reservoirs are expected to serve in the intended construction location. To achieve this, key stakeholders responsible for firefighting (Fire Department, Forestry Service) in the research area were consulted.



Pairwise comparisons facilitate decision-making by enabling the independent evaluation of each factor’s contribution [58]. The primary advantage of the analytic hierarchy process (AHP) is its inherent simplicity. Regardless of the number of criteria used, AHP consistently compares two criteria at a time. Another significant advantage is that, in addition to tangible variables, intangible variables are also taken into account [59]. The pairwise comparison method is presented in the following equation.
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The next crucial step in implementing the method is the consistency check. Verification is essential since human judgment can be subject to inconsistencies. Although AHP is a reliable evaluation process on its own, the accuracy of results depends on the consistency of the pairwise comparisons of criteria and sub-criteria. Therefore, the consistency ratio (CR) is calculated for this purpose. CR allows testing pairwise comparisons between criteria that need to be assessed to determine this consistency. The AHP process continues if the CR value is less than 0.10. Any CR value greater than 0.10 indicates insufficient consistency in the comparison matrix [57,60]. If this occurs, it is necessary to review and modify the comparisons to reduce the inconsistency to less than 0.10. The CR index is calculated by applying the following equations:
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(2)




where CR: consistency ratio, RI: random index based on the number of criteria, CI: consistency index, λmax: the average of the consistency matrix, and n: the number of criteria.



The value of the RI coefficient in Equation (2) depends on the number of factors being compared and is derived from the literature of the method according to Table 2.




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


The TOPSIS method’s hierarchy process can be distinguished into seven main steps, as presented in Figure 3 [61,62]. The initial step involves creating a matrix containing m alternatives and n criteria [63,64,65]. In the context of this research, potential locations for installing water reservoirs are considered as m alternatives, and n criteria include the fire risk at each location (FRC), the distance from existing water intake points (EWC), and the service coverage area (ACC).



The second step involves normalizing the analysis matrix according to Equation (3).
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where m: the alternative solutions, n: the criteria, and x: the values of the criteria.



The third step involves calculating the weighted normalized matrix in accordance with Equation (4).
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where m: the alternative solutions, n: the criteria, r: the normalized value of each criterion for each alternative, and w: the weighting coefficient for each criterion.



The fourth step involves determining the ideal positive and negative solutions. From the weighted normalized matrix of the analysis, the ideal best and worst values for each criterion are calculated.
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where V: the value of the ideal solution and j: the specific criterion.



The fifth step of the TOPSIS methodology involves calculating the Euclidean distance between the values of the criteria for each alternative solution and the worst and best ideal solutions. This calculation is based on Equation (6).


     S   i   +   =        ∑   j = 1   m      (   V   i j   −   V   j   +   )   2         0.5     ,   S   i   −   =        ∑   j = 1   m      (   V   i j   −   V   j   −   )   2         0.5    ,  



(6)




where S+: the Euclidean distance from the best ideal solution, S−: the Euclidean distance from the worst ideal solution, and V+, V−: the values of the best and worst ideal solutions.



The sixth step of the method involves calculating the performance score of the relative closeness to the worst ideal state. These values are determined based on Equation (7).
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where Pi: the performance rating concerning the proximity to the worst ideal state, S+: the Euclidean distance from the best ideal solution, and S−: the Euclidean distance from the worst ideal solution.



The seventh and final step of the methodology involves ranking the results. In the case of this research, the alternative solutions—the potential installation sites for anti-fire water reservoirs—are ranked according to their performance rating (Pi) from highest to lowest. The order of the ranking corresponds to the optimal sequence of the water reservoir installation locations based on the criteria defined for the application of the TOPSIS methodology.




2.7. Final Selection


After completing the ranking of potential locations for the installation of water reservoirs, the final selection of allocation occurred. According to the TOPSIS methodology hierarchy, all these potential locations are ranked from the best to the least efficient. However, the methodology for finding potential installation locations for anti-fire water reservoirs yields a large number of positions in close proximity. Based on this analysis, a successive selection system for final positions was applied. From the table of the final ranking, the first hierarchically ranked installation position was selected. From this first position, the Service Area tool of the ArcGIS Network Analysis package was applied. The segments of the road network corresponding to the zone of optimal 5-min routes were identified. All potential positions in the ranking table within the 5-min zone from the first choice were deleted. Subsequently, the next hierarchically potential position from the remaining alternatives in the ranking table was selected as the second choice. Following this, the alternative positions within the 5-min zone of optimal routes from this second position were deleted. This process continued until all potential water tank installation positions in the ranking table were selected and deleted.



The application of this process determines the final positions for the installation of anti-fire water reservoirs. In this way, the new locations of water reservoirs, in combination with existing water intake points, provide complete coverage of the road network from all points within 5 min via optimal routes.





3. Results


3.1. Selection of Potential Sites for the Installation of Fire Suppression Water Tanks


In the research area of Taxiarchis, Chalkidiki, a total of six existing water intake points operate based on data from the area’s management plan. Additionally, to serve the settlement of Taxiarchis and nearby facilities, there is a water supply network with a total length of 8386 m. The execution of the Service Area tool in ArcGIS from the existing water intake points revealed that 79,376 m of the road network are served by them within a response time of 0–5 min along optimal routes. This length corresponds to a percentage of 34.73% of the total length of the road network. Within this area, the entire water supply network of the region is also included. This region covered within 5 min of optimal routes is considered an “exclusion zone”, and potential locations for the installation of firewater tanks are not recommended within it.



Following the placement of points every 1000 m along the road network and subsequently conducting on-site visits for the precise determination of locations, a total of 100 potential installation locations for firewater tanks were selected, as illustrated in Figure 4.




3.2. Evaluation of Allocation Criteria


The fire risk criterion (FRC) for each potential installation location of the water reservoir was calculated using Thiessen polygons, as presented in Figure 5. In total, 106 polygons were created, covering 100 potential water reservoir locations and 6 existing water intake points. The polygons of the existing water intake points were not considered in the calculation. For each of the polygons corresponding to the potential installation locations of the water reservoirs, the sum of the scores was calculated based on the fire risk analysis data.



The criterion of distance for each potential installation location of the water reservoirs from existing water intake points (EWC) was calculated (Figure 6) as the travel time along optimal routes, corresponding from each potential installation location to the nearest water intake point. For the 100 potential installation locations in total, the closest existing water intake point was identified, and the travel time in minutes was calculated using the optimal road network route.



The calculation of the coverage area criterion (ACC) through optimal routes, aiming at spatial allocation using the TOPSIS methodology, relied on the application of the Service Area tool within the ArcGIS software. As presented in Figure 7, through this tool, the segments of the road network served by each potential installation location of the firewater tank were identified. Subsequently, the area of the polygon covering these segments was calculated, considering a horizontal distance of 100 m.




3.3. Implementation of the AHP Method


During the initial stage of applying the analytic hierarchy process (AHP) for estimating the weight coefficients, the comparison matrix among the criteria was created, and the integer values were calculated (Table 3). Subsequently, the normalized matrix was constructed by dividing each value in the comparison matrix by the sum of the elements in the corresponding column (Table 4). The pairwise comparison among the examined allocation criteria was based on the opinions of entities responsible for implementing wildfire suppression operations. The authorities considered the most crucial criterion for siting anti-fire water reservoirs to be the points of highest fire risk. In addition, they deemed it necessary for anti-fire water reservoirs to be located in positions that facilitate the quickest supply to firefighting vehicles. Finally, the distance from existing locations was considered the least significant criterion.



Subsequently, the methodology for calculating the consistency ratio (CR) was applied to assess consistency (Table 5). The integer values from the pairwise comparison results were multiplied by the weighting coefficient. The results were then aggregated, yielding the weighted sum of values per row. This weighted sum per row was further multiplied by the respective weighting coefficient, resulting in the consistency ratio (λ) for each criterion.



The computation of the λmax value resulted in the average of the consistency values (λ) for each criterion, calculated as follows: λmax = (3.08 + 3.053435115 + 3.030120482)/3 = 3.0537. The consistency index (CI) for a total of three criteria was derived using Equation (2), as follows: CI = (3.0537 − 3)/(3 − 1) = 0.0268709. The consistency ratio (CR), determined by applying Equation (2) and utilizing the Random Index (RI) for three criteria based on the values in Table 2, was calculated as follows: CR = 0.0268709/0.58 = 0.0463292. Given that the CR result is less than 0.10, the consistency check of the AHP method in pairwise comparisons is considered acceptable.




3.4. Implementation of the TOPSIS Method


The first step in the application of ranking using the TOPSIS methodology was the construction of the initial analysis matrix based on the values of the allocation criteria for each of the potential installation sites of water reservoirs. The goal and the applied weighting coefficient of each criterion is presented in Table 6. The initial matrix (Table 7) comprises 100 alternatives, considered as potential locations for the installation of anti-fire water reservoirs, and the values of the three criteria: the potential location of fire risk (FRC), the minimum optimal distance from an existing water intake point (EWC), and the coverage area of the zone within 5 min of the optimal routes (ACC). The weighting coefficients of each criterion are derived from the application of AHP.



The second step involved normalizing the criteria values of the alternatives (potential installation sites for water reservoirs). The sum of the squares of the values for each alternative solution for the fire risk criterion (FRC) was 632,220,345,912,922, and its square root was 25,143,992,24. For the criterion of minimum travel time from an existing water intake (EWC), it was 14,865.8 with a square root of 121.93. Finally, for the criterion of coverage area within the 5-min zone (ACC), the sum of the squares was 154,145,563,597,978, and its square root was 12,415,537.19. The normalized values are presented in Appendix A, Table A1.



During the implementation of the third step of the TOPSIS methodology, the values of the normalized decision matrix were multiplied by the respective weight coefficient of each criterion, according to the results of AHP. Thus, the normalized values of the alternatives for the fire risk criterion (FRC) were multiplied by the coefficient 0.50, for the criterion of travel time from an existing water intake (EWC) by the coefficient 0.20, and for the criterion of coverage area within the 5-min zone (ACC) by the coefficient 0.30. The weighted normalized values are demonstrated in Appendix A, Table A2.



The fourth step of implementing the TOPSIS methodology involves identifying the ideal best and worst values for the criteria from the weighted normalized decision matrix of the decision-making matrix. The values are presented in Table 8. Given that the objective for ranking alternative locations for the installation of water tanks is to maximize the values of each criterion, the maximum value was calculated as the best and the minimum value as the worst.



The implementation of the fifth step of the TOPSIS methodology yielded the Euclidean distances of the values from the weighted normalized matrix of potential installation locations for the water reservoirs. From the criterion values of each alternative (rows of the weighted normalized value matrix—Appendix A, Table A2), the respective ideal solutions (best and worst for each case) were subtracted. This process produced, for each alternative, the Euclidean distance from the best ideal solution (S+) and from the worst (S−).



In the sixth step of the methodology, the performance score (Pi) of the proximity to the worst ideal solution was calculated. The results from the completion of the fifth and sixth steps of the TOPSIS methodology are presented in Appendix A, Table A3. Finally, the final ranking of potential locations for the installation of anti-fire water reservoirs was conducted based on the performance score (Pi). The final results are presented in Table 9.




3.5. Final Selection of Water Reservoir Locations


Based on the final ranking (Table 9) of potential locations for the installation of anti-fire water reservoirs, the first hierarchically selected placement for a new water reservoir is Position 18. From position 18, the Service Area tool of the ArcGIS Network Analysis package was applied for optimal 5-min routes, and water tanks were found at positions 17 and 24 falling within this zone. The water reservoirs at these positions were removed from the table, thus completing the selection of the first installation position and the first site planning cycle. Following the removal of positions from the first planning cycle, the next immediate hierarchy is position 7, which is considered the selection for the second installation position. Within the 5-min zone, Positions 11 and 8 fell, and they were removed, completing the second cycle. Immediately following in hierarchy as the third installation option is position 28, from which positions 29, 79, 35, and 78 fall within the 5-min optimal routes and were removed. This process was subsequently repeated for a total of 34 installation and site planning positions. The final selected locations for the establishment of fire suppression water reservoirs, are presented in Figure 8.





4. Discussion


The application and development of wildfire planning in Greece today lack a comprehensive system for assessing the adequacy and siting of water supply points for firefighting operations. This deficiency results in the difficulty of effectively suppressing wildfires, with immediate consequences posing risks to the sustainability of forests. The present research constitutes a comprehensive decision support system for the strategic allocation of anti-fire water reservoirs in Mediterranean forest ecosystems, enabling the precise determination of installation locations based on criteria analysis. The methodology is a fusion of the analytic hierarchy process (AHP) and technique for order of preference by similarity to ideal solution (TOPSIS) methods. These tools are versatile and can be parametrized to better adapt to specific local conditions. Furthermore, this approach empowers relevant authorities responsible for wildfire prevention and suppression by providing them with a robust tool to achieve optimal resource allocation.



The imperative to minimize response time during the onset of a forest fire is of paramount importance in fire management strategies. Swift and efficient action in the early stages of a wildfire is critical for preventing its rapid spread and mitigating its potential catastrophic consequences [66]. The Network Analysis method has been used in order to tackle the optimization of routes, aiming to minimize the travel time from the parking positions of firefighting vehicles to the location of a forest fire outbreak [67,68]. While this approach is instrumental in enhancing the efficiency of emergency response logistics, a critical challenge arises concerning the adequacy of resources at specific locations and the availability of water. The optimization of routes must not only consider the temporal aspect but also account for the sufficient allocation of resources and water availability at key points along the paths. Balancing the trade-off between minimizing travel time and ensuring the availability of crucial resources is paramount for developing robust and effective strategies for combating forest fires [69]. Efficiently distributing water collection points in strategic locations holds significance as it streamlines the refueling process for forest firefighting vehicles, resulting in time and fuel savings. This strategic allocation takes precedence due to its direct correlation with economic losses and the scale of the firefighting area. The quicker the combat time, the lower the associated environmental, economic, and resource implications.



In the study area of Taxiarchis, Chalkidiki, the analysis revealed that only 34.73% of the area (Figure 4) is within a 5-min distance from existing water supply points. Consequently, the travel time for replenishment corresponds to a total of 10 min (round trip). It is emphasized that this time solely describes the travel time and does not account for the overall replenishment time, which is significantly greater and is subject to other parameters such as water pumping speed and available personnel. The placement of an additional 34 water tanks ensures complete coverage of the entire area, allowing for immediate replenishment capability. The 5-min replenishment coverage time for firefighting vehicles was deemed optimal for comprehensive fire protection in the area. It is noteworthy that in cases of resource constraints for installing such a large number of water tanks, this quantity can be adjusted to ten minutes or more, utilizing the same ranking matrix.



The initial step in implementing the methodology involves defining the criteria and parameters that ensure the optimal selection of installation sites for firewater tanks. These parameters are integrated into the analytic hierarchy process (AHP), and their weight coefficients are computed, enabling researchers to assess their contribution to the ultimate objective and determine their interrelations. The chosen parameters and criteria are deemed to align most effectively with the specific characteristics and requirements of the research area in Taxiarchis, Chalkidiki. The significant advantage lies in their adaptability and configurability, allowing for customization during application in different regions.



Analytical hierarchy process (AHP) is a decision-making methodology widely employed for spatial allocation, particularly in infrastructure siting [70,71,72,73,74,75]. In comparing AHP with other similar methods, it becomes evident that each approach has its own unique characteristics and strengths. One alternative, the analytic network process (ANP), shares the hierarchical structure with AHP but offers greater flexibility in handling complex relationships among decision criteria [76,77]. While ANP excels in intricate scenarios, AHP remains a more straightforward choice for problems with clear hierarchies and well-defined criteria [78]. Another method, simple additive weighting (SAW), simplifies the process by directly assigning weights to criteria based on perceived importance [79,80]. AHP, in contrast, utilizes pairwise comparisons to establish more nuanced and consistent weightings. This allows AHP to capture the relative importance of criteria in a more robust manner, fostering a more comprehensive understanding of decision factors. The advantages of AHP lie in its ability to systematically structure decision problems, involve stakeholders through pairwise comparisons, and ensure consistency in judgments through a rigorous validation process. The pairwise comparisons in AHP contribute to a more accurate representation of the decision-makers’ preferences, leading to more reliable and informed decisions. Additionally, AHP facilitates sensitivity analysis, enabling a deeper exploration of how changes in criteria weights impact overall outcomes.



The second phase of the proposed methodology facilitates the completion of the site selection process and the establishment of a hierarchy by integrating social criteria. Employing the technique for order of preference by similarity to ideal solution (TOPSIS) with the outcomes derived from the analytic hierarchy process (AHP) enabled us to formulate a ranking hierarchy for the locations, assigning precise rankings to each. The TOPSIS methodology (technique for order of preference by similarity to ideal solution) represents an efficient approach for the hierarchical evaluation and selection of infrastructure siting locations. Comparing TOPSIS with various other methods, including ELECTRE (elimination and choice translating reality) and PROMETHEE (preference ranking organization method for enrichment evaluations), offers insights into their distinctive characteristics. TOPSIS distinguishes itself through a comparative analysis that gauges the similarity of each alternative to both the ideal and anti-ideal solutions [81]. This dual consideration of positive and negative aspects contributes to a comprehensive evaluation. ELECTRE focuses on outranking relationships among alternatives based on predetermined criteria thresholds. Its strength lies in handling imprecise data and capturing partial preferences, but it may encounter challenges when dealing with a large number of alternatives [82]. PROMETHEE employs a different approach by constructing partial pre-orders for each alternative and then aggregating them to obtain a global preference ranking. This method accommodates various preference functions, allowing for flexibility in decision modeling [83].



The results of the research have indicated that the application of multi-criteria analyses, along with the analytic hierarchy process (AHP) and technique for order of preference by similarity to ideal solution (TOPSIS) methods, can identify suitable locations for the placement of water intake points. The objective is to ensure optimal efficiency for wildfire suppression operations and, consequently, enhance the sustainability of forest ecosystems. The analysis of criteria related to fire danger and the optimization of travel time to water intake points yield a comprehensive system. In this system, firefighting can be executed within a critical time frame, preventing the fire from escalating into a megafire. The establishment of appropriate water intake infrastructure has the potential to mitigate the spread of forest fires and, by extension, contribute to the sustainable management of forest ecosystems.




5. Conclusions


The selection of the anti-fire water reservoir locations through the TOPSIS methodology was based on the identification of 100 potential installation points, which were ranked for optimal selection. Out of these candidate locations, a total of 34 were ultimately chosen. By installing firewater tanks at these 34 positions, firefighting vehicles can access water supply points within a 5-min travel time. The on-site analysis holds significant importance, as local conditions must be taken into account to ensure the practicality of the methodology and attain feasible results.



Water reservoirs come to address the gap in the direct replenishment of firefighting vehicles during forest fire incidents. They constitute a viable solution to meet the water needs of forested areas and enhance the operational efficiency of firefighting operations. The strategic placement of these reservoirs is crucial for ensuring rapid response and effective fire suppression. By strategically distributing water reservoirs, emergency responders gain access to readily available water sources, significantly reducing the time required for firefighting vehicles to refill and return to the front lines. Moreover, the implementation of water reservoirs contributes to the overall resilience of forest ecosystems. By securing a stable water supply, especially in remote or challenging terrains, these reservoirs enhance their capacity to combat wildfires swiftly and efficiently. This integrated approach aligns with the principles of sustainable wildfire prevention planning. The systematic deployment of water reservoirs, combined with advanced decision-making methodologies such as AHP-TOPSIS, offers a comprehensive strategy for optimizing resource allocation and minimizing response times during critical firefighting scenarios.



The selection of optimal installation sites for anti-fire water reservoirs represents a topic of significant research interest. In this study, the TOPSIS methodology was employed, providing a comprehensive evaluation of fire hazard levels, proximity to hydrant locations, and the coverage area within five-minute optimal routes. This method can be expanded to include additional criteria for a more nuanced assessment.



A primary limitation of this research was the availability and reliability of primary data. The analysis of criteria, including the distance from existing hydrant points and the coverage area of the proposed locations, relied on the network and optimal route analysis of the forest roads. The road network data were limited to the boundaries of the study area, excluding the calculation of roads in proximity. The inclusion of these roads might have influenced the results. Additionally, the research area lacks a standardized fire hazard rating system. Clear and accurate data on fire hazards on a small scale are necessary for the appropriate implementation of similar studies.



Future research endeavors could incorporate unique site characteristics as location criteria. Factors such as the feasibility of constructing water supply systems, the potential for direct firefighting operations from the reservoir, and the capability to replenish firefighting helicopters directly could be considered in the decision-making process. These additional criteria aim to enhance the precision and adaptability of the methodology, ensuring a more tailored and effective approach to the selection of installation sites for firefighting water reservoirs.



The integration of these criteria into the decision-making framework offers a holistic perspective on site suitability, reflecting the specific attributes and capabilities of each potential location. This approach not only contributes to the refinement of the methodology but also ensures that future installations align with the unique requirements and challenges presented by diverse geographical and environmental contexts. The ongoing exploration and integration of diverse criteria into the decision-making process will contribute to the continuous improvement and applicability of the methodology for optimal firefighting water reservoir placement. The adaptability of the TOPSIS methodology positions it as a valuable tool for addressing the dynamic challenges associated with wildfire prevention and response planning. Τhe incorporation of water reservoirs into wildfire prevention plans stands as a practical and efficient measure. It not only addresses the immediate needs of firefighting operations but also reinforces the broader goal of safeguarding ecosystems and communities against the devastating impact of forest fires. The prevention of forest wildfires is an integral part of forest sustainability and, by extension, the implementation of measures for climate change adaptation.



The research offers a systematic and adaptable framework for forest and firefighting services, as well as various stakeholders for sustainable wildfire management. Furthermore, the applicability of this methodology extends beyond theoretical discourse, presenting a practical and scalable solution that can be implemented across diverse forested landscapes. Ultimately, the adoption of this holistic approach is envisioned not only as a catalyst for enhancing the effectiveness of firefighting strategies but also as a transformative force in bolstering the resilience and sustainability of forested regions. Forest and firefighting services, alongside engaged stakeholders, are encouraged to embrace this methodological innovation, recognizing its potential to redefine and advance the sustainable management of forest ecosystems in the face of the escalating global challenge posed by forest fires. The present methodology could be used to aid in the implementation of policies in the framework of the United Nations’ sustainable development goal regarding climate change (SDG 13) and the European Union’s forest sustainability policies.







Author Contributions


Conceptualization, G.K. and G.A.; methodology, G.K. and A.S.; software, G.K. and S.T.; validation, G.K., A.S. and A.K.; formal analysis, G.K. and G.A.; investigation, G.K. and A.S.; resources, G.K. and A.S.; data curation, G.K. and S.T.; writing—original draft preparation, G.K.; writing—review and editing, G.K.; visualization, G.K. and A.K.; supervision, G.K.; project administration, G.A.; funding acquisition, G.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research is part of the Ph.D. Thesis (title: Allocation, dimensioning, and optimal route selection for forest engineering projects using G.I.S. as an integrated wildfire management system) of G. Kolkos, whose Ph.D. work has been carried out at the Institute of Forest Engineering and Surveying of Aristotle University of Thessaloniki, Greece. The implementation of the doctoral thesis is co-financed by Greece and the European Union (European Social Fund: ESF) by the Greek State Scholarships Foundation (2022-050-0502-52027) through the Operational Program “Human Resources Development, Education and Lifelong Learning” in the context of the act “Enhancing Human Resources Research Potential by Undertaking Doctoral Research”, Sub-action 2: IKY Scholarship Program for Ph.D. Candidates in Greek Universities.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We would like to thank the staff of the Aristotle University of Thessaloniki Forest Fund and the Forest Service of Thessaloniki for providing us the geospatial data for the implementation of our research. In addition, we would like to thank all the authors in the reference section οn whose research we relied on.




Conflicts of Interest


The authors declare no conflicts of interest.





Appendix A




 





Table A1. Normalized values matrix of TOPSIS methodology.
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	ID
	FRC
	EWC
	ACC
	ID
	FRC
	EWC
	ACC
	ID
	FRC
	EWC
	ACC





	1
	0.1278
	0.1666
	0.0969
	35
	0.0365
	0.0537
	0.2325
	69
	0.1439
	0.0464
	0.0662



	2
	0.0949
	0.1502
	0.1055
	36
	0.0929
	0.1772
	0.0598
	70
	0.0565
	0.1617
	0.0264



	3
	0.0870
	0.1628
	0.0909
	37
	0.1063
	0.1994
	0.0597
	71
	0.1818
	0.0655
	0.0482



	4
	0.0842
	0.1443
	0.0811
	38
	0.0668
	0.2124
	0.0743
	72
	0.0785
	0.0922
	0.0275



	5
	0.0444
	0.1243
	0.0891
	39
	0.1068
	0.1918
	0.0790
	73
	0.1169
	0.0540
	0.0719



	6
	0.0347
	0.1037
	0.0912
	40
	0.1079
	0.1026
	0.0752
	74
	0.1280
	0.1192
	0.0315



	7
	0.0530
	0.0653
	0.0546
	41
	0.0495
	0.0854
	0.0706
	75
	0.0641
	0.0673
	0.0874



	8
	0.1483
	0.0474
	0.0583
	42
	0.0574
	0.0669
	0.0811
	76
	0.0685
	0.0809
	0.0404



	9
	0.1594
	0.0479
	0.0659
	43
	0.1418
	0.0491
	0.1020
	77
	0.1396
	0.0482
	0.1979



	10
	0.0814
	0.0646
	0.0653
	44
	0.1131
	0.0719
	0.0544
	78
	0.0598
	0.0478
	0.2399



	11
	0.0623
	0.1055
	0.0309
	45
	0.1161
	0.1059
	0.0534
	79
	0.0449
	0.0601
	0.2048



	12
	0.1054
	0.0506
	0.0850
	46
	0.0711
	0.0860
	0.1031
	80
	0.0626
	0.0665
	0.1638



	13
	0.0860
	0.0936
	0.0766
	47
	0.1107
	0.1293
	0.0853
	81
	0.1630
	0.0526
	0.1394



	14
	0.0926
	0.0546
	0.1181
	48
	0.0750
	0.1129
	0.0872
	82
	0.0740
	0.0511
	0.1336



	15
	0.1451
	0.0564
	0.0674
	49
	0.0711
	0.0937
	0.0943
	83
	0.1154
	0.0650
	0.1256



	16
	0.0856
	0.0569
	0.0807
	50
	0.0716
	0.0759
	0.0774
	84
	0.0322
	0.0789
	0.1239



	17
	0.0391
	0.1107
	0.0529
	51
	0.0605
	0.0595
	0.0685
	85
	0.0373
	0.0917
	0.1070



	18
	0.0284
	0.1277
	0.0346
	52
	0.1358
	0.0424
	0.1017
	86
	0.0956
	0.0501
	0.2283



	19
	0.1020
	0.0881
	0.0607
	53
	0.2074
	0.0506
	0.1063
	87
	0.2116
	0.0490
	0.2269



	20
	0.0902
	0.1170
	0.0405
	54
	0.0783
	0.0677
	0.1001
	88
	0.0657
	0.1951
	0.0441



	21
	0.1066
	0.1479
	0.0357
	55
	0.0676
	0.0890
	0.1012
	89
	0.1062
	0.0842
	0.0759



	22
	0.0720
	0.1622
	0.0362
	56
	0.0743
	0.1019
	0.0713
	90
	0.0475
	0.0572
	0.1620



	23
	0.0378
	0.1344
	0.0400
	57
	0.0805
	0.1204
	0.0620
	91
	0.1036
	0.0587
	0.1022



	24
	0.0449
	0.1067
	0.0555
	58
	0.1401
	0.1390
	0.0646
	92
	0.0612
	0.0659
	0.0937



	25
	0.0408
	0.0741
	0.1011
	59
	0.0726
	0.1554
	0.0719
	93
	0.0740
	0.0789
	0.0912



	26
	0.0422
	0.0561
	0.1876
	60
	0.1771
	0.0707
	0.0438
	94
	0.0835
	0.0566
	0.1055



	27
	0.0410
	0.0817
	0.1080
	61
	0.0744
	0.0636
	0.1188
	95
	0.1400
	0.1095
	0.0569



	28
	0.0441
	0.0792
	0.0746
	62
	0.0696
	0.0835
	0.0864
	96
	0.0551
	0.0565
	0.0825



	29
	0.0732
	0.1070
	0.0464
	63
	0.0380
	0.0735
	0.1354
	97
	0.1010
	0.0927
	0.1006



	30
	0.0785
	0.0887
	0.0651
	64
	0.1089
	0.1061
	0.0694
	98
	0.0552
	0.1307
	0.0903



	31
	0.1259
	0.1071
	0.0506
	65
	0.0813
	0.1349
	0.0303
	99
	0.1309
	0.1020
	0.0240



	32
	0.0769
	0.0814
	0.0925
	66
	0.0925
	0.0431
	0.1484
	100
	0.1145
	0.0501
	0.0759



	33
	0.0954
	0.0864
	0.0902
	67
	0.1147
	0.0810
	0.0824
	
	
	
	



	34
	0.0638
	0.0752
	0.1377
	68
	0.2694
	0.0683
	0.0522
	
	
	
	










 





Table A2. Weighted normalized values matrix TOPSIS methodology.
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	ID
	FRC
	EWC
	ACC
	ID
	FRC
	EWC
	ACC
	ID
	FRC
	EWC
	ACC





	1
	0.0639
	0.0333
	0.0291
	35
	0.0182
	0.0107
	0.0697
	69
	0.0719
	0.0093
	0.0199



	2
	0.0474
	0.0300
	0.0316
	36
	0.0465
	0.0354
	0.0179
	70
	0.0282
	0.0323
	0.0079



	3
	0.0435
	0.0326
	0.0273
	37
	0.0531
	0.0399
	0.0179
	71
	0.0909
	0.0131
	0.0145



	4
	0.0421
	0.0289
	0.0243
	38
	0.0334
	0.0425
	0.0223
	72
	0.0393
	0.0184
	0.0083



	5
	0.0222
	0.0249
	0.0267
	39
	0.0534
	0.0384
	0.0237
	73
	0.0584
	0.0108
	0.0216



	6
	0.0174
	0.0207
	0.0274
	40
	0.0539
	0.0205
	0.0226
	74
	0.0640
	0.0238
	0.0095



	7
	0.0265
	0.0131
	0.0164
	41
	0.0248
	0.0171
	0.0212
	75
	0.0321
	0.0135
	0.0262



	8
	0.0741
	0.0095
	0.0175
	42
	0.0287
	0.0134
	0.0243
	76
	0.0342
	0.0162
	0.0121



	9
	0.0797
	0.0096
	0.0198
	43
	0.0709
	0.0098
	0.0306
	77
	0.0698
	0.0096
	0.0594



	10
	0.0407
	0.0129
	0.0196
	44
	0.0565
	0.0144
	0.0163
	78
	0.0299
	0.0096
	0.0720



	11
	0.0312
	0.0211
	0.0093
	45
	0.0580
	0.0212
	0.0160
	79
	0.0224
	0.0120
	0.0614



	12
	0.0527
	0.0101
	0.0255
	46
	0.0356
	0.0172
	0.0309
	80
	0.0313
	0.0133
	0.0491



	13
	0.0430
	0.0187
	0.0230
	47
	0.0553
	0.0259
	0.0256
	81
	0.0815
	0.0105
	0.0418



	14
	0.0463
	0.0109
	0.0354
	48
	0.0375
	0.0226
	0.0262
	82
	0.0370
	0.0102
	0.0401



	15
	0.0726
	0.0113
	0.0202
	49
	0.0355
	0.0187
	0.0283
	83
	0.0577
	0.0130
	0.0377



	16
	0.0428
	0.0114
	0.0242
	50
	0.0358
	0.0152
	0.0232
	84
	0.0161
	0.0158
	0.0372



	17
	0.0196
	0.0221
	0.0159
	51
	0.0303
	0.0119
	0.0206
	85
	0.0187
	0.0183
	0.0321



	18
	0.0142
	0.0255
	0.0104
	52
	0.0679
	0.0085
	0.0305
	86
	0.0478
	0.0100
	0.0685



	19
	0.0510
	0.0176
	0.0182
	53
	0.1037
	0.0101
	0.0319
	87
	0.1058
	0.0098
	0.0681



	20
	0.0451
	0.0234
	0.0122
	54
	0.0392
	0.0135
	0.0300
	88
	0.0329
	0.0390
	0.0132



	21
	0.0533
	0.0296
	0.0107
	55
	0.0338
	0.0178
	0.0304
	89
	0.0531
	0.0168
	0.0228



	22
	0.0360
	0.0324
	0.0109
	56
	0.0371
	0.0204
	0.0214
	90
	0.0238
	0.0114
	0.0486



	23
	0.0189
	0.0269
	0.0120
	57
	0.0402
	0.0241
	0.0186
	91
	0.0518
	0.0117
	0.0307



	24
	0.0225
	0.0213
	0.0167
	58
	0.0701
	0.0278
	0.0194
	92
	0.0306
	0.0132
	0.0281



	25
	0.0204
	0.0148
	0.0303
	59
	0.0363
	0.0311
	0.0216
	93
	0.0370
	0.0158
	0.0274



	26
	0.0211
	0.0112
	0.0563
	60
	0.0886
	0.0141
	0.0131
	94
	0.0418
	0.0113
	0.0317



	27
	0.0205
	0.0163
	0.0324
	61
	0.0372
	0.0127
	0.0356
	95
	0.0700
	0.0219
	0.0171



	28
	0.0221
	0.0158
	0.0224
	62
	0.0348
	0.0167
	0.0259
	96
	0.0276
	0.0113
	0.0248



	29
	0.0366
	0.0214
	0.0139
	63
	0.0190
	0.0147
	0.0406
	97
	0.0505
	0.0185
	0.0302



	30
	0.0392
	0.0177
	0.0195
	64
	0.0545
	0.0212
	0.0208
	98
	0.0276
	0.0261
	0.0271



	31
	0.0630
	0.0214
	0.0152
	65
	0.0406
	0.0270
	0.0091
	99
	0.0654
	0.0204
	0.0072



	32
	0.0385
	0.0163
	0.0277
	66
	0.0463
	0.0086
	0.0445
	100
	0.0573
	0.0100
	0.0228



	33
	0.0477
	0.0173
	0.0271
	67
	0.0573
	0.0162
	0.0247
	
	
	
	



	34
	0.0319
	0.0150
	0.0413
	68
	0.1347
	0.0137
	0.0156
	
	
	
	










 





Table A3. Results of the calculation of Euclidean distances and performance scores of the TOPSIS methodology.
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	ID
	S+
	S−
	Pi
	ID
	S+
	S−
	Pi
	ID
	S+
	S−
	Pi





	1
	0.0833
	0.0597
	0.4175
	35
	0.1207
	0.0627
	0.3418
	69
	0.0881
	0.0591
	0.4017



	2
	0.0970
	0.0465
	0.3244
	36
	0.1037
	0.0434
	0.2950
	70
	0.1247
	0.0277
	0.1818



	3
	0.1021
	0.0429
	0.2960
	37
	0.0979
	0.0512
	0.3432
	71
	0.0780
	0.0772
	0.4973



	4
	0.1050
	0.0386
	0.2685
	38
	0.1129
	0.0419
	0.2706
	72
	0.1173
	0.0270
	0.1872



	5
	0.1226
	0.0267
	0.1790
	39
	0.0947
	0.0520
	0.3545
	73
	0.0968
	0.0466
	0.3249



	6
	0.1274
	0.0238
	0.1575
	40
	0.0972
	0.0443
	0.3130
	74
	0.0962
	0.0522
	0.3517



	7
	0.1252
	0.0160
	0.1135
	41
	0.1238
	0.0195
	0.1363
	75
	0.1161
	0.0266
	0.1862



	8
	0.0879
	0.0608
	0.4090
	42
	0.1198
	0.0230
	0.1609
	76
	0.1199
	0.0220
	0.1554



	9
	0.0827
	0.0667
	0.4465
	43
	0.0828
	0.0614
	0.4257
	77
	0.0738
	0.0762
	0.5080



	10
	0.1116
	0.0296
	0.2097
	44
	0.1000
	0.0437
	0.3042
	78
	0.1099
	0.0666
	0.3775



	11
	0.1229
	0.0213
	0.1474
	45
	0.0973
	0.0465
	0.3235
	79
	0.1168
	0.0550
	0.3199



	12
	0.0997
	0.0426
	0.2996
	46
	0.1102
	0.0331
	0.2309
	80
	0.1099
	0.0455
	0.2929



	13
	0.1066
	0.0344
	0.2440
	47
	0.0934
	0.0483
	0.3409
	81
	0.0690
	0.0757
	0.5233



	14
	0.1008
	0.0428
	0.2981
	48
	0.1093
	0.0332
	0.2329
	82
	0.1077
	0.0400
	0.2709



	15
	0.0867
	0.0599
	0.4085
	49
	0.1109
	0.0317
	0.2222
	83
	0.0893
	0.0533
	0.3736



	16
	0.1082
	0.0334
	0.2359
	50
	0.1136
	0.0277
	0.1961
	84
	0.1265
	0.0309
	0.1963



	17
	0.1297
	0.0170
	0.1162
	51
	0.1204
	0.0212
	0.1496
	85
	0.1250
	0.0272
	0.1784



	18
	0.1364
	0.0174
	0.1129
	52
	0.0857
	0.0586
	0.4060
	86
	0.0928
	0.0699
	0.4296



	19
	0.1025
	0.0395
	0.2781
	53
	0.0601
	0.0929
	0.6070
	87
	0.0438
	0.1100
	0.7153



	20
	0.1094
	0.0347
	0.2407
	54
	0.1083
	0.0342
	0.2401
	88
	0.1176
	0.0363
	0.2359



	21
	0.1027
	0.0446
	0.3027
	55
	0.1119
	0.0318
	0.2211
	89
	0.0987
	0.0427
	0.3022



	22
	0.1166
	0.0326
	0.2186
	56
	0.1121
	0.0295
	0.2083
	90
	0.1176
	0.0426
	0.2658



	23
	0.1313
	0.0196
	0.1299
	57
	0.1101
	0.0324
	0.2277
	91
	0.0976
	0.0444
	0.3128



	24
	0.1269
	0.0180
	0.1241
	58
	0.0846
	0.0604
	0.4163
	92
	0.1167
	0.0270
	0.1879



	25
	0.1248
	0.0248
	0.1657
	59
	0.1112
	0.0347
	0.2380
	93
	0.1107
	0.0313
	0.2205



	26
	0.1189
	0.0496
	0.2945
	60
	0.0800
	0.0748
	0.4834
	94
	0.1060
	0.0369
	0.2585



	27
	0.1237
	0.0271
	0.1799
	61
	0.1082
	0.0368
	0.2539
	95
	0.0873
	0.0582
	0.4000



	28
	0.1259
	0.0186
	0.1287
	62
	0.1130
	0.0290
	0.2043
	96
	0.1212
	0.0222
	0.1550



	29
	0.1159
	0.0267
	0.1873
	63
	0.1231
	0.0343
	0.2180
	97
	0.0970
	0.0441
	0.3125



	30
	0.1117
	0.0294
	0.2084
	64
	0.0975
	0.0444
	0.3127
	98
	0.1173
	0.0298
	0.2026



	31
	0.0939
	0.0511
	0.3524
	65
	0.1142
	0.0323
	0.2206
	99
	0.0974
	0.0526
	0.3508



	32
	0.1091
	0.0327
	0.2307
	66
	0.0986
	0.0492
	0.3329
	100
	0.0973
	0.0458
	0.3201



	33
	0.1011
	0.0399
	0.2832
	67
	0.0944
	0.0472
	0.3333
	
	
	
	



	34
	0.1107
	0.0390
	0.2604
	68
	0.0633
	0.1209
	0.6565
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Figure 1. Research area location map. 






Figure 1. Research area location map.
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Figure 2. Fire risk map and operational water intake points. 
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Figure 3. Application procedure of the TOPSIS method. 






Figure 3. Application procedure of the TOPSIS method.



[image: Sustainability 16 00936 g003]







[image: Sustainability 16 00936 g004] 





Figure 4. Potential sites for the installation of fire suppression water reservoirs. 
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Figure 5. Evaluation of the fire risk criterion (FRC). 
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Figure 6. Evaluation of the fire risk criterion (EWC). 
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Figure 7. Evaluation of the area coverage criterion (ACC). 
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Figure 8. Final selected locations for the establishment of fire suppression water reservoirs. 
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Table 1. Scale of comparison for criteria during the application of the analytical hierarchy process (AHP) [57].






Table 1. Scale of comparison for criteria during the application of the analytical hierarchy process (AHP) [57].





	
Importance Value

	
Description






	
1

	
Equal importance

	
Both factors contribute equally to the goal




	
3

	
Medium importance

	
The first criterion is slightly more important than the second




	
5

	
Strong importance

	
The first criterion is more important than the second




	
7

	
Very strong importance

	
The first criterion is much more important than the second




	
9

	
Maximum importance

	
The first criterion, in relation to the second, has the strongest specification and preference




	
2, 4, 6, 8

	
Intermediate values

	
When a compromise between the above values is necessary











 





Table 2. Values of the random index (RI) based on the number of criteria considered during the application of AHP [47].
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	Number of AHP Criteria (n)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	RI (random index) value
	0.00
	0.00
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49










 





Table 3. Comparison and integer values of criteria pairwise using the AHP method for assessing the weighting factors.
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	Criteria
	Fire Risk (FRC)
	Optimal Route Area Coverage (ACC)
	Distance from Existing Water Intake Points (EWC)





	Fire Risk (FRC)
	1/1 = 1.00
	2/1 = 2.00
	2/1 = 2.00



	Optimal route area coverage (ACC)
	1/2 = 0.50
	1/1 = 1.00
	2/1 = 2.00



	Distance from existing water intake points (EWC)
	1/2 = 0.50
	1/2 = 0.50
	1/1 = 1.00



	Total
	2.00
	3.50
	5.00










 





Table 4. Normalized results matrix of the AHP comparison table and calculation of the weighting factors for each criterion.
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	Criteria
	Fire Risk

(FRC)
	Optimal Route Area Coverage (ACC)
	Distance from Existing Water Intake Points (EWC)
	Weighting Factor





	Fire risk (FRC)
	0.50
	0.5714
	0.40
	0.4905



	Optimal route area coverage (ACC)
	0.25
	0.2857
	0.40
	0.3119



	Distance from existing water intake points (EWC)
	0.25
	0.1428
	0.20
	0.1976



	Total
	1.00
	1.00
	1.00
	1.00










 





Table 5. Calculation of the consistency ratio (λ) for each criterion in the AHP method.
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	Criteria
	Fire Risk

(FRC)
	Optimal Route Area Coverage

(ACC)
	Distance from Existing Water Intake Points

(EWC)
	Weighted Sum
	Consistency Ratio (λ)





	Fire risk (FRC)
	0.49047619
	0.623809524
	0.395238095
	1.50952381
	3.08



	Optimal route area coverage (ACC)
	0.245238095
	0.311904762
	0.395238095
	0.952380952
	3.053435115



	Distance from existing water intake points (EWC)
	0.245238095
	0.155952381
	0.197619048
	0.598809524
	3.030120482










 





Table 6. Criteria for allocation of firewater tanks when implementing the TOPSIS methodology.
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	Criteria
	Unit of Measurement
	Importance/Weighting Coefficient
	Goal





	Fire risk (FRC)
	risk value (0–100)
	0.50
	Maximization



	Distance from existing water intake points (EWC)
	min
	0.20
	Maximization



	Optimal route area coverage (ACC)
	m2
	0.30
	Maximization










 





Table 7. Initial analysis matrix for the TOPSIS method and values of the criteria for each potential location of water reservoirs.
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	ID
	FRC
	EWC
	ACC
	ID
	FRC
	EWC
	ACC
	ID
	FRC
	EWC
	ACC





	1
	3,212,822
	20.3
	1,203,102
	35
	917,295
	6.5
	2,886,077
	69
	3,617,901
	5.7
	821,536



	2
	2,385,303
	18.3
	1,309,427
	36
	2,337,134
	21.6
	741,995
	70
	1,419,607
	19.7
	327,493



	3
	2,187,077
	19.8
	1,128,893
	37
	2,671,818
	24.3
	740,768
	71
	4,571,321
	8.0
	598,756



	4
	2,116,156
	17.6
	1,007,428
	38
	1,678,670
	25.9
	922,896
	72
	1,974,293
	11.2
	341,659



	5
	1,115,617
	15.2
	1,106,200
	39
	2,684,400
	23.4
	981,198
	73
	2,938,645
	6.6
	892,430



	6
	872,978
	12.6
	1,132,734
	40
	2,712,487
	12.5
	934,218
	74
	3,219,017
	14.5
	391,312



	7
	1,333,436
	8.0
	677,627
	41
	1,244,679
	10.4
	876,940
	75
	1,612,080
	8.2
	1,085,650



	8
	3,727,688
	5.8
	724,229
	42
	1,443,025
	8.2
	1,006,936
	76
	1,722,296
	9.9
	501,833



	9
	4,007,134
	5.8
	818,684
	43
	3,565,180
	6.0
	1,266,489
	77
	3,509,765
	5.9
	2,457,152



	10
	2,047,951
	7.9
	810,412
	44
	2,843,260
	8.8
	674,809
	78
	1,503,198
	5.8
	2,978,463



	11
	1,567,156
	12.9
	383,879
	45
	2,918,964
	12.9
	663,468
	79
	1,127,982
	7.3
	2,542,315



	12
	2,649,277
	6.2
	1,055,086
	46
	1,788,780
	10.5
	1,280,203
	80
	1,572,776
	8.1
	2,033,136



	13
	2,163,026
	11.4
	951,457
	47
	2,783,012
	15.8
	1,059,562
	81
	4,099,482
	6.4
	1,730,501



	14
	2,327,642
	6.7
	1,465,811
	48
	1,885,155
	13.8
	1,083,188
	82
	1,859,964
	6.2
	1,658,971



	15
	3,648,403
	6.9
	837,428
	49
	1,786,998
	11.4
	1,170,524
	83
	2,900,722
	7.9
	1,558,944



	16
	2,151,431
	6.9
	1,002,467
	50
	1,799,725
	9.2
	961,485
	84
	809,805
	9.6
	1,538,274



	17
	984,078
	13.5
	656,349
	51
	1,522,324
	7.2
	850,659
	85
	939,001
	11.2
	1,328,901



	18
	713,554
	15.6
	430,148
	52
	3,415,376
	5.2
	1,262,182
	86
	2,404,440
	6.1
	2,833,987



	19
	2,565,405
	10.7
	753,356
	53
	5,215,097
	6.2
	1,319,392
	87
	5,321,574
	6.0
	2,817,079



	20
	2,267,974
	14.3
	502,938
	54
	1,969,790
	8.3
	1,243,077
	88
	1,652,688
	23.8
	547,209



	21
	2,680,939
	18.0
	442,841
	55
	1,700,821
	10.9
	1,256,737
	89
	2,670,123
	10.3
	942,700



	22
	1,809,132
	19.8
	449,603
	56
	1,867,715
	12.4
	885,012
	90
	1,195,099
	7.0
	2,010,743



	23
	950,392
	16.4
	496,802
	57
	2,023,894
	14.7
	769,511
	91
	2,605,058
	7.2
	1,268,552



	24
	1,129,663
	13.0
	689,542
	58
	3,523,738
	16.9
	801,607
	92
	1,539,475
	8.0
	1,163,560



	25
	1,025,929
	9.0
	1,255,516
	59
	1,824,746
	18.9
	892,626
	93
	1,861,537
	9.6
	1,132,242



	26
	1,061,740
	6.8
	2,328,545
	60
	4,453,917
	8.6
	543,374
	94
	2,099,642
	6.9
	1,310,113



	27
	1,031,579
	10.0
	1,340,808
	61
	1,871,197
	7.8
	1,475,288
	95
	3,519,206
	13.3
	705,874



	28
	1,108,938
	9.7
	926,076
	62
	1,749,303
	10.2
	1,072,820
	96
	1,385,637
	6.9
	1,024,284



	29
	1,840,084
	13.0
	575,478
	63
	954,972
	9.0
	1,681,158
	97
	2,538,628
	11.3
	1,248,698



	30
	1,973,160
	10.8
	807,823
	64
	2,738,592
	12.9
	861,390
	98
	1,388,736
	15.9
	1,121,564



	31
	3,166,216
	13.1
	628,717
	65
	2,043,592
	16.4
	375,886
	99
	3,290,468
	12.4
	298,591



	32
	1,933,679
	9.9
	1,147,900
	66
	2,325,916
	5.3
	1,842,954
	100
	2,879,846
	6.1
	942,097



	33
	2,399,474
	10.5
	1,119,559
	67
	2,883,142
	9.9
	1,022,844
	
	
	
	



	34
	1,605,352
	9.2
	1,709,419
	68
	6,774,593
	8.3
	647,573
	
	
	
	










 





Table 8. Values of ideal positive and negative solutions of the weighted normalized values matrix of TOPSIS methodology.
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	Fire Risk Criterion (FRC)
	Distance from Existing Water Intake Points

(EWC)
	Optimal Route Area Coverage

(ACC)





	Max value (+)
	0.1347
	0.0425
	0.0720



	Min value (−)
	0.0142
	0.0085
	0.0072










 





Table 9. Final ranking of potential locations for the installation of anti-fire water reservoirs, from the most efficient to the least efficient, according to the results of the TOPSIS methodology.
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	Rank
	ID
	Pi
	Rank
	ID
	Pi
	Rank
	ID
	Pi





	1
	18
	0.11287
	35
	49
	0.22223
	69
	100
	0.32010



	2
	7
	0.11351
	36
	57
	0.22766
	70
	45
	0.32347



	3
	17
	0.11618
	37
	32
	0.23070
	71
	2
	0.32438



	4
	24
	0.12407
	38
	46
	0.23094
	72
	73
	0.32493



	5
	28
	0.12869
	39
	48
	0.23290
	73
	66
	0.33285



	6
	23
	0.12987
	40
	88
	0.23587
	74
	67
	0.33329



	7
	41
	0.13625
	41
	16
	0.23592
	75
	47
	0.34088



	8
	11
	0.14743
	42
	59
	0.23795
	76
	35
	0.34178



	9
	51
	0.14960
	43
	54
	0.24011
	77
	37
	0.34317



	10
	96
	0.15499
	44
	20
	0.24065
	78
	99
	0.35080



	11
	76
	0.15536
	45
	13
	0.24400
	79
	74
	0.35170



	12
	6
	0.15746
	46
	61
	0.25391
	80
	31
	0.35238



	13
	42
	0.16086
	47
	94
	0.25846
	81
	39
	0.35446



	14
	25
	0.16565
	48
	34
	0.26040
	82
	83
	0.37365



	15
	85
	0.17840
	49
	90
	0.26584
	83
	78
	0.37755



	16
	5
	0.17897
	50
	4
	0.26850
	84
	95
	0.39996



	17
	27
	0.17991
	51
	38
	0.27056
	85
	69
	0.40165



	18
	70
	0.18176
	52
	82
	0.27095
	86
	52
	0.40602



	19
	75
	0.18624
	53
	19
	0.27812
	87
	15
	0.40850



	20
	72
	0.18717
	54
	33
	0.28318
	88
	8
	0.40897



	21
	29
	0.18725
	55
	80
	0.29291
	89
	58
	0.41633



	22
	92
	0.18788
	56
	26
	0.29447
	90
	1
	0.41748



	23
	50
	0.19610
	57
	36
	0.29504
	91
	43
	0.42571



	24
	84
	0.19632
	58
	3
	0.29597
	92
	86
	0.42956



	25
	98
	0.20265
	59
	14
	0.29813
	93
	9
	0.44653



	26
	62
	0.20431
	60
	12
	0.29962
	94
	60
	0.48342



	27
	56
	0.20825
	61
	89
	0.30217
	95
	71
	0.49730



	28
	30
	0.20840
	62
	21
	0.30275
	96
	77
	0.50805



	29
	10
	0.20971
	63
	44
	0.30418
	97
	81
	0.52326



	30
	63
	0.21805
	64
	97
	0.31251
	98
	53
	0.60699



	31
	22
	0.21855
	65
	64
	0.31272
	99
	68
	0.65654



	32
	93
	0.22051
	66
	91
	0.31285
	100
	87
	0.71525



	33
	65
	0.22064
	67
	40
	0.31299
	
	
	



	34
	55
	0.22109
	68
	79
	0.31993
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