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Abstract:



Cities are exploding, occupying rural territory in dispersed and fragmented ways. A consequence of this phenomenon is that the demand for utilities includes more and more extensive territories. Among them, fulfilling the demand for services related to integrated water service presents many difficulties. The economic costs needed to meet service demand and the environmental costs associated with its non-fulfilment are inversely proportional to the population needing service in rural areas, since that population is distributed across a low-density gradient. Infrastructure planning, within the area of competence, generally follows a policy of economic sustainability, fixing a service coverage threshold in terms of a “sufficient” concentration of population and economic activity (91/271/CEE). This threshold, homogenous within the territorial limits of a water infrastructure plan, creates uncertainty in the planning of investments, which are not sized on the actual, appropriately spatialized, demand for service. Careful prediction of the location of infrastructure investments would guarantee not only economic savings but also reduce the environmental costs generated by the lack of utilities. Therefore, is necessary to create a link between water infrastructure planning and urban planning, which is responsible for the future spatial distribution of service demand. In this study, the relationships between the instruments of regulation and planning are compared by a multi-criteria spatial analysis network (analytic network process (ANP)). This method, tested on a sample of a city in southern Italy, allows us to optimize the design and location of the investment needed to meet the service criteria, looking at the actual efficiency of the networks. The result of this application is a suitability map that allows us to validate the criteria for defining urban transformations.
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1. Introduction


Rapid urbanization has become a major concerns on a planetary level, due to its harmful effects on the environment [1], including the consumption of soil to the detriment of natural areas and agricultural soil [2]. This phenomenon has produced a low-density settlement model that produces demand for utility services that has to be fulfilled across increasingly large areas. This demand includes the need for integrated water service. In fact, the demand for water is increasing significantly in all major sectors: agriculture, energy production, industrial uses and human consumption. The latest report of the United Nations [3] estimates that in contrast to this increase in demand, the availability of fresh water in many regions is likely to decrease due to climate change, and that these pressures will exacerbate economic disparities between some nations and between sectors or regions within countries. Only 2.5% of all the water on our planet is fresh water. Of that fresh water, 70% is in the form of ice, 29% is present in the soil, and only 1% (0.007% of the total) is readily accessible for human uses. If we recall that, of this water, on average more than one third is lost even before reaching the final consumer, is not difficult to understand the attention drawn to this issue.



The main source of demand comes from urban communities that need water for daily use. Nevertheless, water is not only the primary source of livelihood for humans, it is also the raw material needed for the production of energy, goods, and services which, in a cyclical logic, result in a pollution load to handle, dispose and treat. The demand for water is also growing at a rate twice that of the population, and therefore the resulting pollution load produced by the use of water grows in the same proportions.



Moreover, considering that population growth will focus, in the coming years, in urban areas and that to this new demand will be added a previous one due to a backlog of people still to be served, there will be considerable difficulties in planning an infrastructure system that is adequate to future forecasts, and expandable as needed. To meet the need, to ensure sustainable expansion, to operate efficiently, and to maintain a high quality of life for residents, cities will have to approach this problem using smart logic. Making cities smart, to support their own growth, is emerging as a key activity for which there will be $108 billion invested in this decade according to Navigant Research. Water infrastructure is among the six key areas that characterize smart cities [4].



The water system should therefore be seen as a complex object made of interconnected parts. The resource has to be considered as a whole, with infrastructure systems needing to be properly planned in order to preserve the water itself and make its use sustainable for the environment. This approach will lead to the simultaneous optimization and reduction of investment costs, which would be otherwise unaffordable due to the high deficiencies that this kind of system usually presents. The management and use of the resource is organized in an integrated infrastructure system that includes the uptake, distribution, disposal and treatment of water. These infrastructures involve a large amount of capital for construction and management, and are designed for long periods of service.



So emerges the need to rationalize the system, starting with the sewer subsector, which if not properly sized and managed, can itself become a contributory cause of pollution for the resource that we are trying to protect.



1.1. Water Service in Italy


Italian water services are suffering a significant infrastructural deficit, in terms of both quality and quantity of supply, and of sewerage systems and water treatments. Even in the fields of management, measurement systems and controlling computer systems require urgent investment to adjust coverage and service levels. Additionally, there is the commitment to the reconstruction of the infrastructure at the end of its useful life, the extraordinary maintenance and technological upgrading needed for the recovery of operational efficiency, and for saving water and energy in systems and networks to combine safety, quality, and continuity of service, environmental protection, and sustainable use of the resource.



Rating agencies in this sector have estimated that water companies (WaCo) in “no growth” scenarios need investments of around €1.6 billion/year as a component of net capital that is estimated will grow to a minimum average of €20 billion/year in the next 30 years [5]. In addition, the new system for regulating water services fares made by the National Authority for the Regulation of Electrical Energy, Gas and Water System (AEEGESI), introduces a model of full cost recovery for the WaCo, making even clearer the need to avoid unnecessary or poorly sized investments [6]. In fact, under this new regulatory environment, all the investments will be refunded to the WaCo in any case and paid by users over time, in both economic and environmental terms. In such a context, the planning needs and implementation of investments are of fundamental importance, considered as the engines to achieve the main goals of quality, affordability, efficiency of service, and the protection of public health and of the environment. Such planning should be the result of the convergence of interests of a network of actors connected by functional relationships, hierarchical and non-hierarchical. The same actors are also affected by cash flows which reinforce the weight of the decision of one actor over another (Figure 1).


Figure 1. The system of the actors involved in the Italian water infrastructure system.
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The figure above shows that the National Agencies are “on top” of the hierarchy. They are in charge of setting, by law, the minimum requisites and standards for environmental safeguards, coverage of the services, efficiency, and “fair” regulation of the sector. At the lower level, there is the composed actor, regional government, which consists of two different units. The first is in charge of environmental protection; the second holds property and runs strategical and regional assets (i.e., aqueducts, industrial wastewater treatment plans). At the subregional level, the Local Authority for Regulation of the Integrated Water System (AATO) has the property of local infrastructure, plans the expansion and the extraordinary maintenance of the network, and overlooks the WaCo with local regulations.



Locally there are city governments, which must ensure, through the regulation of land use, an appropriate level of services for citizens—who, like the WaCo, are actors that do not participate in governance of the system. Water infrastructure planning is a complex decisional problem that has no solution in the current planning system.




1.2. Spatial and Urban Planning System


The need to protect water resources, imposed by the European Water Directive (2000/60/CE) consistent with the objective of promoting sustainable development, brings out the need for smart planning of urban infrastructure that has important spatial implications at the regional scale. In fact, the protection and use of water resources are not independent from land use; rather these are reciprocal, consequential, and necessary. The Italian planning system provides a set of plans for land use that are all affected by a second set of plans for environmental protection. The latter, in turn, affect water infrastructure plans. However, analysis of the Italian planning system shows that the spatial and urban planning instruments that deal with land use, population, and the protection of the resource, are not interrelated with the Water Infrastructure Plan (WIP), the instrument that leads the Integrated Water System (IWS) and then the use of the water resource (Figure 2).


Figure 2. The Italian planning system. In red are visible the missing links proposed with this study.
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This means that the integrated water management system does not take into account how land use is handled, even considering the demographic increase of the area as an input parameter for the WIP. The Water Infrastructure Plan, developed at a subregional scale by the Local Authority AATO, currently sizes the investments for the expansion of the network by looking only at residential service, with the use of a single parameter K, combined with the coverage of the service at city scale. This parameter K represents the supplied services, and is assumed to be constant at the municipal level, and is equal to the ratio between the length of the sewer system and the number of users currently served, as declared by the WaCo. From a different perspective, the city plan instead provides an increase of the load settlement, and so of water services needed, in terms of new inhabitants distributed in residential areas as well as of expansion areas for non-residential functions. Moreover, the forecasts of the WIP are made for a long term period of 20–30 years, while forecasts of the city plan are made for the medium term of 10 years.



This dichotomy in the planning of land use and water use—which are, of course, interconnected in daily life—creates inefficiencies and mismatches between needs and solutions, with the failure of the integrated water system.



Currently, several critical issues are affecting the planning system described:

	
Lack of sufficient data to characterize the whole system of the service networks. These data consist of many elements, made at different times and with different states of use and efficiency.



	
Estimation of the service demand, currently performed independently by the WIP without considering the estimation made by city plans in charge of the settlement development.



	
Lack of a spatial allocation of the service demand.



	
The absence of a spatial location for the investments eventually needed.



	
Lack of feedback towards city plans.








Hence emerges the need for integration between responsible planning of the investments of the water infrastructure system and urban planning at the local scale.




1.3. Objectives and Proposal


In this sector of studies, we need a reorganization of the planning system to introduce an input–feedback mechanism between the Water Infrastructure Plan and city plans, from the perspective of smart integrated planning (Figure 2). Only synergy between these two levels of planning will allow the IWS to reach the coveted objectives of effectiveness, efficiency, economy, and environmental sustainability. To make explicit this functional link between planning tools, this study proposes a methodology that involves the creation of a suitability map of investments in the system. This map, built according to the current city plan’s forecast, allows both to plan the extension of the service in the territory and to review the same base forecasts for the WIP. These forecasts, in fact, are seldom built with consideration of this functional relationship. Specifically, given the nature of the spatial planning of urban infrastructure, this paper uses a multi-criteria spatial decision support system (MC-SDSS) that integrates the methodologies of three research areas: geographic information systems (GIS), database management systems (DBMS), and multi-criteria decision analysis (MCDA) [7,8]. Much progress has been made over the last 20 years in developing methods of multi-criteria land suitability evaluation, especially in integrating GIS with S-MCE [9,10,11,12,13,14,15,16]. Multi-criteria land suitability evaluation (LSE) is one of the best known application domains of spatial multi-criteria evaluation [12,17,18,19,20,21]. In particular, because of the relationships between the instruments of regulation and planning, these are compared by a multi-criteria spatial analysis of network type, analytic network process (ANP) [22,23]. The methodology was tested with reference to the sewerage component of the integrated water system, because the availability of data connected to the water components is strongly influenced by operating parameters that are not always available, such as operating pressure.





2. Materials and Methods


2.1. Case Study


Our methodology was applied to the sewage system of Capriglia Irpina (AV), a town included in the water management area of AATO Calore Irpino (Figure 3). The aim of the Water Infrastructures Plan is to increase the coverage of service from the current ratio 82.49% up to values above 90%, providing investment for the expansion of the network. In this case is needed an additional length of 2.8 km, estimated at a cost of €1,208,500.00 [24].


Figure 3. Area of studies: (a) District of jurisdiction of Local Authority for Regulation of the Integrated Water System (AATO) (southern Italy); (b) City plan of Capriglia Irpina. Expansions area in overlay with sewer network.
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2.2. Spatial Decision Support System


Decision-support systems are used to assist governments and communities, helping planners organize, analyze, edit, and reevaluate information under the control activities of urbanization. Regarding the DSS the expression “multi-criteria analysis” embraces a set of tools for decision support that are able to compare different alternatives on the basis of multiple criteria, often in conflict with each other, in order to identify the preferred action, improve the awareness of decision makers, and provide rational support to problems of a complex nature [25,26,27]. But if we consider that 80% of the data on which decision making is based has a spatial nature, in some cases multi-criteria analysis alone is not enough to deal with complex issues such as the one presented here. To overcome this difficulty, we need to use GIS [28,29,30,31,32,33]. A GIS is system hardware/software that allows you to collect, process, manipulate, analyze, model, and represent geo-referenced data with the aim of solving problems of management and planning. In this case, it allows processing of reference data, of information on the state of the environment, natural resources, land, and infrastructure, and of the positive and negative interactions between contexts and the main areas of development. The analytic functionalities found in most GISs are oriented toward the management of data but not towards an effective analysis of them [34,35]. GIS in the role of spatial decision support systems (SDSS) helps to take in consideration also the solution proposed by the decision maker. In fact, current GIS also accepts qualitative criteria for evaluation, but those are available only for some methods (like AHP and ELECTRE), not for the ANP method. Therefore, from the integration of GIS systems, MCDA, and DBMS—which are concerned instead with the management of data—are born a multi-criteria spatial decision support system (MC-SDSS).




2.3. ANP—Analytic Network Process


Given the interdisciplinary nature of this type of study, the various topics, variables, and criteria, as well as the need to spatially analyze service demands and in particular, interactions between service and territory, we have chosen, between multi-criteria spatial decision support system (MC-SDSS), to use the analytic network process [36].



The multi-criteria nature of the problem has to be managed with specific techniques. In particular, the most consolidated method is the AHP, which has shown a certain reliability compared to many other methods (TOPSIS, ELECTRE, MACBETH) [37]. However, AHP requires a hierarchical structure for the decision problem and does not provide for the possibility to consider connections between criteria. Conversely, the ANP exceeds this limit because it allows the relations of interdependence between the various elements of the system to be made explicit [36,38].



The ANP incorporates both qualitative and quantitative aspects of human thought: the first in the expression of value judgments and preferences, the second in the structuring of the problem. Precisely because of the nature of the links between the criteria and the environments analyzed, the ANP is the methodology that allows the best benchmarking and that provides more than acceptable results compared to other techniques such as MCDA. The ANP is a generalization of the Analytic Hierarchy Process (AHP), which is certainly more widespread; but many decision problems, as in this case, cannot be structured hierarchically because they involve interaction and dependence of the elements of the upper level in a hierarchy with elements of lower level [39]. While the AHP is a framework with unidirectional hierarchical relationships, ANP allows complex interrelationships between decision-making levels and attributes, which correspond to clusters and nodes of the decisional network.



The ANP includes four phases [40]:

	-

	
Step 1, Modelling and structuring of the problem: the problem should be stated clearly and decomposed into a rational system of network type.




	-

	
Step 2, Comparison between pairs and vector of priorities: In ANP, as AHP, pairs of decision-elements for each cluster are compared to their control policies with respect to their importance [41]. Moreover, interdependencies between the criteria of a cluster must also be examined in these couples; the influence of each element on other elements can be represented by an eigenvector. The relative importance values are determined by the scale of Saaty [42].




	-

	
Step 3, Making Supermatrix: The supermatrix concept is similar to the process of a Markov chain [22]. To achieve global priorities in a system with interdependent influences, vectors of local priorities are incorporated in the corresponding columns of a matrix. This supermatrix is actually a partitioned matrix in which each segment represents a relationship between two clusters in a system.




	-

	
Step 4, Summary of criteria and priorities alternatives and selecting the best alternative: The weights of the priority criteria and alternatives can be found in the supermatrix normalized (Figure 4).


Figure 4. Super weighted matrix and its convergence to a matrix whose columns, all the same, represent the vector of the priority between nodes [43].
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2.4. Methodology


The methodology to achieve the posed objective includes the construction of a framework MC-SDSS with ANP that allows the construction of a suitability map (GOAL) that represents the suitability of the territory to the settlements of new users, on existing networks, and the suitability to the expansion of the sewage system itself. The process of study is developed according to four steps [44], detailed below, where is highlighted the analysis of the system with evaluation maps that describe the processes and variables (Figure 5).


Figure 5. Framework for spatial planning and decision-making process with analytic network process (ANP).
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The evaluation maps are the result of spatial processing of data relating to the territory served and relevant infrastructure from the study. The design phase creates a relational model between the elements and variables that describe the system, divided into decisional clusters, also a function of the subsequent ANP analysis. In the phase of choice, the various decision makers express their assessments and subsequently compare their opinions to carry out comparative assessments between clusters. In the decision phase, the resulting set of weights is used to appropriately aggregate the evaluation maps that describe the system, creating a base suitability map and variants used for sensitivity analysis (SA). This suitability map allows the review of choices made in the city plan and directs the review of land policies as well as the revision of the assumptions at the base of the Water Infrastructure Plan, for a more effective local response towards the actual services demanded.



2.4.1. Intelligence


The intelligence phase consists of examining the environment to identify problems or opportunity situations. In order to identify clusters and criteria that influence the searched suitability map, we have investigated the system of actors (Figure 1) through the aggregation of the same and depending on the way they want to achieve the main objectives of quality, affordability, efficiency of service, and the protection of public health and of the environment. Specifically, have been identified four groups of decision makers (DM) representative of the priorities that each individual DM assigns according to their interests as their main objective. The first group are the actors pursuing service efficiency and cost reduction. Second are the set of actors that, through the territorial government policies, want to ensure access to the service. The third group pursues the maximization of access to the service at minimal cost. The fourth is the set of individuals who pursue the water resource and environmental protection.



Having identified the groups, they were associated with the corresponding decision-making cluster, for which the DM are able to provide basic information and make judgments on subsequent assessments. The first cluster, “Infrastructures”, contains information provided from AATO and Waco. The second cluster “Land Use”, contains information on land use provided by the city government. The third cluster “Position”, contains information relating to the accessibility of the service assigned to the representatives of users (customers associations), and the last cluster “Environment”, contains information about the constraints imposed by environmental protection agencies, in particular, hydrogeological risk. In order to take into account the mapping of geological risk, since the choice of the appropriate most zoning method to adopt at a given scale for a given purpose also depends on other factors (such as the characteristics of the phenomena) [45], we have used the proposed map of the existing Hydrogeological Risk Management Plan that identifies areas with different degrees of risk which are prescriptive for all planning levels (Figure 2). Specific evaluation maps that represent these criteria obtained by spatial analysis are summarized in Table 1.



Table 1. Evaluation Maps and system behavior.







	
Decisional Cluster

	
Criteria

	
Description






	
Infrastructures

	
Hydraulics

	
This is a hydraulic suitability map that is based on the parameter “maximum distance of connection”, set at 200 m, and the actual hydraulic load on the network. The lower the value of the coefficient and suitability, the more the location is eligible to host new users or new network extensions.




	
In this map, for the values that tend to 1 there will be values that tend to 0 in the map of the general suitability, and vice versa; for values tending to 0 you will have suitability tending to infinity in the general map.




	
For values of distance greater than 200 m, we set the values map equal to null, which will subsequently be reclassified to 0 before grouping maps as to general suitability.




	
Sewers position

	
This is a suitability map of location, which provides the “network density factor” of the whole territory. The higher the value of the coefficient of suitability, the more the location is suitable to host new users and new network extensions. For values tending to 0, the general suitability tends to 0.




	
Coverage of service

	
This is a suitability map for service coverage, which provides spatial analysis of the network and of the population at the census level. The lower the value of the coefficient of suitability, the more the location is suitable to host new users and new network extensions. For values equal to 1 the general suitability is 0, and for values tending to 0, general suitability tends to infinity.




	
Land use

	
Residential development areas

	
This map that represents the service demand associated with each residential Development area planned by the City Plan.




	
Industrial development area

	
This map represents the service demand associated with each Industrial Development area planned by the City Plan.




	
Local services development areas

	
This map represents the service demand associated with each Local Services Development area planned by the City Plan.




	
Position

	
Distance from building

	
This map contains values of distance from the buildings associated to each cell. The settlement of a new user or a new network is more likely the closer it is to the existing buildings. The shorter the distance, the more the location is suitable to host new users and new network extensions.




	
Distance from water Treatments Installation

	
This map contains the value of the minimum “cost distance” from the cell to the nearest treatment plant, calculated along the existing network. The settlement of a new user or a new network is much more likely the closer the user is to existing wastewater treatment plants. The shorter the “cost distance,” the more the location is suitable to host new users and new network extensions.




	
Distance from roads

	
This map contains the values of distance from roads associated with each cell. The settlement of a new user or a new network is more likely the closer the road is. The shorter the distance, the greater the suitability of the point to hosting a new user or network extension.




	
Environment

	
Distance from rivers

	
This map contains values of distance from surface water bodies associated with each cell. The settlement of a new user or a new network is evaluated positively farther to superficial hydrography. The longer the distance the greater the suitability of the point to hosting a new user or network extensions.




	
Terrain slope

	
This map that contains maximum gradient values in the neighborhood of the considered cell. The settlement of a new user or a new network is evaluated positively as compatible with a reasonable range of slopes, both from the hydraulic point of view and from the point of view of urban settlement. Generally, the lower a slope the greater the suitability of the point is to hosting a new user or network extension. There is a specific classification table for the values of slope vs. suitability.




	
Hydro-geological risk

	
This map contains values for hydrogeological risk in each area as identified by the master plan. The settlement of a new user or a new network is evaluated positively with low hydrogeological risk values. Generally, the lower the hydrogeological risk, the greater the suitability of the point in hosting a new user or network extensions. There is a specific classification table for the values of hydrogeological risk vs. suitability.











2.4.2. Design


The design phase consists in structuring the decision problem using a spatial ANP approach that, with thematic layers, allows us to analyze and support decisions in which coexist multiple objectives, some competing, with multiple alternative solutions. Specifically, the decisional network (Figure 6), according to the principle of decomposition of the problem, identifies four homogeneous clusters, representatives of the selected thematic areas: infrastructure components, land use components, positional components and environmental components. Each cluster is divided into specific elements (nodes), constituted by the results of spatial analysis developed in GIS environment (evaluation maps) as detailed in Appendix A—Table A1.


Figure 6. The decisional network.
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Table A1. Spatial Analysis of the Evaluation Maps.







	
Decisional Cluster

	
Criteria

	
Input

	
Processing






	
Infrastructures

	
Hydraulics

	
Lidar Elevation Map, Sewer Network Plan, Sewer Network’s Diameters & Materials

	
Slope, Buffer, Distance, Raster Calculator, Field Calculator




	
Sewers position

	
Sewer Network Plan

	
Kernel Density Function




	
Coverage of service

	
City Plan, Sewer Network Plan, Built Plan, Population’s data for city district

	
Buffer, Intersect, Union, Voronoi’s Poligons, Field Calculator




	
Land Use

	
Residential development areas

	
City Plan—Residential Development Areas

	
Reclassification




	
Industrial development areas

	
City Plan—Industrial Development Area

	
Reclassification




	
Local services development areas

	
City Plan—Local Services Development Areas

	
Reclassification




	
Position

	
Distance from building

	
Built Plan

	
Euclidean Distance




	
Distance from water treatments installation

	
Sewer Network Plan, Waste Water Treatment installation position

	
Raster calculator, Classification, Cost Map, Cost Distance Map




	
Distance from roads

	
Road Network Plan

	
Euclidean Distance




	
Environment

	
Distance from rivers

	
River Network Plan

	
Euclidean Distance




	
Terrain slope

	
Lidar Elevation Map

	
Slope, Reclassification




	
Hydro-Geological Risk

	
Hydro-Geological Risk Plan

	
Classification










In the ANP network, each node represents the solution to the problem posed (goal), according to a specific point of view Table 2.



Table 2. Questioning the model goal according each criteria’s solution.







	
Cluster

	
Node

	
Where to Host New Users or Expand the Sewer’s Network?






	
1—Infrastructures

	
1.1—Hydraulics

	
Where it is already present a sewer system but the same is under-utilized.




	
1.2—Sewers Position

	
Where it already has a sewer system or where the network of services is more concentrated.




	
1.3—Coverage of service

	
Where required by the City Plan, with greater regard to the presence of the existing sewer system even in the condition that the value of the current service coverage is already high, or higher than the target of the Water Infrastructure Plan




	
2—Land Use

	
2.1—Residential Development Areas

	
In areas of completion and expansion planned by the City Plan.




	
2.2—Industrial Development Area

	
In areas of completion and expansion of production provided by the City Plan.




	
2.3—Local Services Development Areas

	
In areas of completion and expansion of equipment and services provided by the City Plan.




	
3—Position

	
3.1—Distance From Building

	
Closer to the buildings in the area, both within and among the non-served and served (new users in the same building).




	
3.2—Distance from water Treatments Installation

	
Much closer to the existing wastewater treatment plants in terms of distance on network (cost function).




	
3.3—Distance From Roads

	
Closer to the roads in the area.




	
4—Environment

	
4.1—Distance From River

	
More distant from the rivers present in the territory.




	
4.2—Terrain Slope

	
In areas where the slope of the terrain can be compatible both with the development of new urban fabric, both with gradients necessary, from the hydraulic point of view, to the sewers network.




	
4.3—Hydro-Geological Risk

	
In areas where the risk hydrogeological can be compatible both with the development of new urban fabric and for receiving new user or network expansion.










In the design phase a thematic area is introduced that takes account of the exclusion criteria applied to specified parts of the territory not considered in the suitability map (Table 3).



Table 3. Questioning the model goal according to constrains.







	
Cluster

	
Node

	
Where Is Not Possible to Host New Users or Expand the Sewer’s Network?






	
5—Constrains

	
5.1—Map of Buildings

	
The area occupied by old buildings is excluded for the expansion of the sewer’s network; Suitability is equal 0 on these areas otherwise 1.




	
5.2—Map of maximum slope

	
The area with very-high slope is excluded for the expansion of the sewer’s network; Suitability is equal 0 on these areas otherwise 1.




	
5.3—Map of hydraulics constrains

	
The buffer area of 10m from river is excluded for the expansion of the sewer’s network; Suitability is equal 0 on these areas otherwise 1.











2.4.3. Choice


The choice phase, in spatial ANP, consists of evaluating the network with its clusters and nodes and calculating the weight vector used to combine the standardized evaluation maps. These are firstly reclassified linearly, on a scale of values variable in the range (0:1) aligned with the increasing or decreasing impact, that these maps have on the general suitability map (Table 4). The maximum value corresponds to the judgment that maximizes the achievement of the goal.



Table 4. Base Domains of Evaluation Maps, Impact on suitability and Reclassified Domains.







	
Evaluating Map

	
Base Domain

	
Impact on Suitability Map

	
Reclassified Domain




	
Min

	
Max

	
Negative

	
Positive

	
Min

	
Max






	
1.1—Hydraulics

	
0

	
1

	
High

	
Low

	
1

	
0




	
1.2—Sewers position

	
0

	
∞

	
Low

	
High

	
0

	
1




	
1.3—Coverage of service

	
0

	
1

	
High

	
Low

	
1

	
0




	
2.1—Residential development areas

	
0

	
1

	
Low

	
High

	
0

	
1




	
2.2—Industrial development areas

	
0

	
1

	
Low

	
High

	
0

	
1




	
2.3—Local services development areas

	
0

	
1

	
Low

	
High

	
0

	
1




	
3.1—Distance from building

	
0

	
∞

	
High

	
Low

	
1

	
0




	
3.2—Distance from water treatment Installation

	
0

	
∞

	
High

	
Low

	
1

	
0




	
3.3—Distance from roads

	
0

	
∞

	
High

	
Low

	
1

	
0




	
4.1—Distance from river

	
0

	
∞

	
High

	
Low

	
0

	
1




	
4.2—Terrain slope

	
0

	
5

	
Low

	
High

	
0

	
1




	
4.3—Hydro-Geological Risk

	
0

	
4

	
High

	
Low

	
1

	
0




	
Suitability Map

	
Low

	
High

	
0

	
1










Standardized the maps in GIS environment, the calculation of the weights is made using the software Superdecision 2.8.0 [46]. The “decisional network”, seen previously, is reconstructed in the software, which allows paired comparisons between clusters and between nodes, and identifies both the preferences between nodes and between clusters according to the goal posed (Figure 7).


Figure 7. The phase of comparison in pairs and the Saaty’s scale in the software Superdecision. (a) Comparison between related nodes; (b) Comparison between related clusters.
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In particular, the comparisons between nodes, with respect to specific clusters, are assigned to the respective DM, this also in the case of comparisons between the same cluster nodes. Instead the comparisons to determine the weights of each cluster, compared to GOAL, have been assigned to the entire DM’s group, that mediating their interests, have provided the feedback requested for the evaluation. Made all comparisons, the software builds as first a super matrix (Table A2), which later is weighed (Table A3) with the preferences expressed between clusters, contained instead in a second matrix, Table 5.



Table A2. Super Matrix.







	
Cluster

	
Cluster

	
0—Goal

	
1—Infrastructure

	
2—Land Use

	
3—Position

	
4—Environment




	
Node

	
0.0—Goal

	
1.1

	
1.2

	
1.3

	
2.1

	
2.2

	
2.3

	
3.1

	
3.2

	
3.3

	
4..1

	
4.2

	
4.3






	
0—Goal

	
0.0—Goal

	
0.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000




	
1—Infrastructures

	
1.1—Hydraulics

	
0.796

	
0.000

	
0.889

	
0.889

	
0.345

	
0.715

	
0.571

	
0.333

	
0.683

	
0.588

	
0.600

	
0.769

	
0.342




	
1.2—Sewers Position

	
0.125

	
0.750

	
0.000

	
0.111

	
0.547

	
0.187

	
0.143

	
0.528

	
0.200

	
0.323

	
0.300

	
0.147

	
0.577




	
1.3—Coverage of service

	
0.079

	
0.250

	
0.111

	
0.000

	
0.109

	
0.098

	
0.286

	
0.140

	
0.117

	
0.089

	
0.100

	
0.084

	
0.081




	
2—Land Use

	
2.1—Residential Development Areas

	
0.571

	
0.540

	
0.540

	
0.571

	
0.000

	
0.000

	
0.000

	
0.540

	
0.540

	
0.540

	
0.540

	
0.540

	
0.571




	
2.2—Industrial Development Area

	
0.143

	
0.163

	
0.163

	
0.143

	
0.000

	
0.000

	
0.000

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.143




	
2.3—Local Services Development Areas

	
0.286

	
0.297

	
0.297

	
0.286

	
0.000

	
0.000

	
0.000

	
0.297

	
0.297

	
0.297

	
0.297

	
0.297

	
0.286




	
3—Position

	
3.1—Distance From Building

	
0.582

	
0.333

	
0.528

	
0.540

	
0.333

	
0.320

	
0.637

	
0.000

	
0.000

	
0.000

	
0.320

	
0.258

	
0.320




	
3.2—Distance from water Treat. Inst.

	
0.109

	
0.140

	
0.140

	
0.163

	
0.140

	
0.122

	
0.105

	
0.000

	
0.000

	
0.000

	
0.122

	
0.105

	
0.122




	
3.3—Distance From Roads

	
0.309

	
0.528

	
0.333

	
0.297

	
0.528

	
0.558

	
0.258

	
0.000

	
0.000

	
0.000

	
0.558

	
0.637

	
0.558




	
4—Environment

	
4.1—Distance From River

	
0.345

	
0.122

	
0.122

	
0.105

	
0.333

	
0.345

	
0.258

	
0.122

	
0.105

	
0.105

	
0.000

	
0.000

	
0.000




	
4.2—Terrain Slope

	
0.109

	
0.230

	
0.230

	
0.258

	
0.097

	
0.109

	
0.105

	
0.230

	
0.258

	
0.258

	
0.000

	
0.000

	
0.000




	
4.3—Hydro-Geological Risk

	
0.547

	
0.648

	
0.648

	
0.637

	
0.570

	
0.547

	
0.637

	
0.648

	
0.637

	
0.637

	
0.000

	
0.000

	
0.000










Table A3. Weighted Super Matrix.







	
Cluster

	
Cluster

	
0—Goal

	
1—Infrastructure

	
2—Land Use

	
3—Position

	
4—Environment




	
Node

	
0.0—Goal

	
1.1

	
1.2

	
1.3

	
2.1

	
2.2

	
2.3

	
3.1

	
3.2

	
3.3

	
4.1

	
4.2

	
4.3






	
0—Goal

	
0.0—Goal

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
1—Infrastructures

	
1.1—Hydraulics

	
0.440

	
0.000

	
0.424

	
0.424

	
0.115

	
0.238

	
0.190

	
0.111

	
0.227

	
0.195

	
0.425

	
0.545

	
0.242




	
1.2—Sewers Position

	
0.069

	
0.358

	
0.000

	
0.053

	
0.182

	
0.062

	
0.048

	
0.176

	
0.066

	
0.108

	
0.213

	
0.104

	
0.409




	
1.3—Coverage of service

	
0.044

	
0.119

	
0.053

	
0.000

	
0.036

	
0.032

	
0.095

	
0.046

	
0.039

	
0.030

	
0.071

	
0.060

	
0.057




	
2—Land Use

	
2.1—Residential Development Areas

	
0.077

	
0.094

	
0.094

	
0.099

	
0.000

	
0.000

	
0.000

	
0.075

	
0.075

	
0.075

	
0.096

	
0.096

	
0.102




	
2.2—Industrial Development Area

	
0.019

	
0.028

	
0.028

	
0.025

	
0.000

	
0.000

	
0.000

	
0.023

	
0.023

	
0.023

	
0.029

	
0.029

	
0.026




	
2.3—Local Services Development Areas

	
0.039

	
0.052

	
0.052

	
0.050

	
0.000

	
0.000

	
0.000

	
0.041

	
0.041

	
0.041

	
0.053

	
0.053

	
0.051




	
3—Position

	
3.1—Distance From Building

	
0.059

	
0.026

	
0.042

	
0.043

	
0.046

	
0.045

	
0.089

	
0.000

	
0.000

	
0.000

	
0.036

	
0.029

	
0.036




	
3.2—Distance from water Treat. Inst.

	
0.011

	
0.011

	
0.011

	
0.013

	
0.020

	
0.017

	
0.015

	
0.000

	
0.000

	
0.000

	
0.014

	
0.012

	
0.014




	
3.3—Distance From Roads

	
0.031

	
0.042

	
0.026

	
0.024

	
0.074

	
0.078

	
0.036

	
0.000

	
0.000

	
0.000

	
0.063

	
0.072

	
0.063




	
4—Environment

	
4.1—Distance From River

	
0.073

	
0.033

	
0.033

	
0.028

	
0.176

	
0.182

	
0.136

	
0.064

	
0.055

	
0.055

	
0.000

	
0.000

	
0.000




	
4.2—Terrain Slope

	
0.023

	
0.062

	
0.062

	
0.070

	
0.051

	
0.057

	
0.055

	
0.121

	
0.136

	
0.136

	
0.000

	
0.000

	
0.000




	
4.3—Hydro-Geological Risk

	
0.116

	
0.175

	
0.175

	
0.172

	
0.301

	
0.289

	
0.336

	
0.342

	
0.336

	
0.336

	
0.000

	
0.000

	
0.000










Table 5. Clusters matrix.







	
Cluster

	
0—Goal

	
1—Infrastructure

	
2—Land Use

	
3—Position

	
4—Environment






	
0—Goal

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
1—Infrastructures

	
0.553

	
0.477

	
0.333

	
0.333

	
0.709




	
2—Land Use

	
0.135

	
0.174

	
0.000

	
0.140

	
0.179




	
3—Position

	
0.101

	
0.080

	
0.140

	
0.000

	
0.113




	
4—Environment

	
0.212

	
0.270

	
0.528

	
0.528

	
0.000










The super weighted matrix is then multiplied by itself an infinite number of times until it converges in a matrix whose columns, all the same (Table A4), represent the vector of the priority between nodes (Table 6).



Table A4. Limited—Weighted Super Matrix.







	
Cluster

	
Cluster

	
0—Goal

	
1—Infrastructure

	
2—Land Use

	
3—Position

	
4—Environment




	
Node

	
0.0—Goal

	
1.1

	
1.2

	
1.3

	
2.1

	
2.2

	
2.3

	
3.1

	
3.2

	
3.3

	
4..1

	
4.2

	
4.3






	
0—Goal

	
0.0—Goal

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
1—Infrastructures

	
1.1—Hydraulics

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237

	
0.237




	
1.2—Sewers Position

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200

	
0.200




	
1.3—Coverage of service

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066




	
2—Land Use

	
2.1—Residential Development Areas

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080

	
0.080




	
2.2—Industrial Development Area

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023

	
0.023




	
2.3—Local Services Development Areas

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043




	
3—Position

	
3.1—Distance From Building

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035

	
0.035




	
3.2—Distance from water Treat. Inst.

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012

	
0.012




	
3.3—Distance From Roads

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043

	
0.043




	
4—Environment

	
4.1—Distance From River

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046

	
0.046




	
4.2—Terrain Slope Suitability

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051

	
0.051




	
4.3—Hydro-Geological Risk

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163

	
0.163










Table 6. The vector of priority/weight between clusters and nodes.







	
Cluster

	
Cluster’s Weight

	
Node

	
Nodes’ Weight




	
Normalized by Cluster

	
Normalized by the Whole Model






	
1—Infrastructures

	
0.552873

	
1.1—Hydraulics

	
0.47196

	
0.237470




	
1.2—Sewers Position

	
0.39747

	
0.199987




	
1.3—Coverage of service

	
0.13057

	
0.065699




	
2—Land Use

	
0.134881

	
2.1—Residential Development Areas

	
0.54844

	
0.080404




	
2.2—Industrial Development Area

	
0.15772

	
0.023123




	
2.3—Local Services Development Areas

	
0.29384

	
0.043079




	
3—Position

	
0.100604

	
3.1—Distance From Building

	
0.39095

	
0.035102




	
3.2—Distance from water treatment installation.

	
0.13118

	
0.011778




	
3.3—Distance From Roads

	
0.47788

	
0.042907




	
4—Environment

	
0.211642

	
4.1—Distance From River

	
0.17564

	
0.045746




	
4.2—Terrain Slope

	
0.19664

	
0.051215




	
4.3—Hydro-Geological Risk

	
0.62772

	
0.163491










Once the weights from the elaboration of the ANP Model are calculated , it is possible to weigh and aggregate the maps, standardized earlier, for each cluster of the network using map algebra operations in a GIS environment.



From the composition of the maps representing nodes and clusters, summed and weighed with the results of the ANP and with the map–algebra overlay of the areas under constraint, we obtain the suitability map searched (Equation (1)), indicating the most suitable areas to host new users or extensions of the network (Figure 8).


[image: there is no content]



(1)




where

	
Smap: Suitability Map



	
Mi,j: Evaluation Map—Cluster i—Node j



	
Nwi,j: Node weight—Cluster i—Node j



	
Cwi: Cluster weight—Cluster i



	
Vk: Constrains Map—Constrain k







Figure 8. Assembling spatial ANP results.
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2.4.4. Decision


Generally, the construction of suitability maps depends on the importance attributed to each element of the decisional network. In fact, one of the most critical points of multi-criteria analysis is the time of the subjective evaluation, which, even if balanced by complex comparison procedures between the opinions expressed, affects the evaluation’s result. Therefore, is necessary to perform a sensitivity analysis, which in our case is based on the creation of different scenarios that simulate different points of view by varying the weights of the clusters used in the process (Table 7) in order to check the stability of the results obtained in terms of maps of suitability [21,47,48,49].



Table 7. Sensitivity analysis. Weight of the Clusters in different scenarios.







	
Scenarios

	
Weights of Clusters




	
1—Infrastructures

	
2—Land Use

	
3—Position

	
4—Environment






	
Balanced

	
0.25

	
0.25

	
0.25

	
0.25




	
Land Use

	
0.15

	
0.55

	
0.15

	
0.15




	
Positional

	
0.15

	
0.15

	
0.55

	
0.15




	
Environmental

	
0.15

	
0.15

	
0.15

	
0.55










In particular, four additional scenarios are defined and refer to different set of weights. The first we call “balanced” because is based on equal weights of the clusters. The others are obtained by varying, on rotation to greater weight, one cluster with respect to the others. (Figure 9 and Figure 10).


Figure 9. Results of sensitivity analysis: (a) balanced scenario; (b) land use scenario.



[image: Sustainability 09 00771 g009]





Figure 10. Results of sensitivity analysis: (a) positional scenario; (b) environmental scenario.
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The weight used in the rotation was set to 0.55 (equal to that of the cluster infrastructure, the privileged result in the base scenario) for each of the criteria, in order to identify scenarios where one criterion prevails with respect to the others. This allows us to define the robustness of areas with greater suitability using the overlay map. In fact, the maps obtained show a different distribution of the degree of suitability with respect to the investigated region. The first map, the balanced scenario, shows that the levels of suitability vary, descending from urban areas to the southeast rural area. In the second map, the land use scenario, the suitability of existing urban areas and residential development areas clearly prevails compared to the totality of the territory. The third scenario shows a high degree of suitability close to the built and the existing infrastructure, both for urban and rural areas. The last scenario presents suitability that increases moving away from constrained areas of environmental interest, showing a strong similarity with the third scenario.






3. Results and Discussion


The evaluation process, by weighing the various factors that affect the localization of new users or network extension positively or negatively, leads to the realization of the final suitability map, illustrated in Figure 11. Comparisons between different scenarios and the base suitability map through the sensitivity analysis allow further methodological considerations on the procedure adopted.


Figure 11. Suitability map. High value means lower costs.
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In fact, by examining the differences between the maps of the scenarios, it is possible to find convergence of the areas with greater suitability with the base result.



The application tested on the sample town has, in fact, made it possible to evaluate the choices of the current city plan from the overlay with the suitability map following major feedback considerations on the expansion areas planned by the city plan itself (Figure 12).


Figure 12. City plan and suitability map overlay.
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Based on our results we can see that a significant portion of the territory is unsuitable to host new users or extensions of the network, while the territories with higher suitability values are concentrated mainly in areas already urbanized and served. The areas of residential expansion planned by the city plan are well merged into the existing urban fabric, presenting high levels of suitability for which it is possible to suggest the exclusion of investments for expansion of the network initially planned by the WIP and needed to cover of this additional demand. All scenarios share the result that some planned areas for expanding productive activities and service areas are located in places with low suitability (Figure 13 and Figure 14).


Figure 13. Comparison of suitability map and city plan–industrial development area located in a low suitability area.
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Figure 14. Comparison of suitability map and city plan–area activities and services located in a low-suitability area.
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In these areas, in fact, sewerage is not present. Therefore, these areas will be served by realizing specific works, for which their costs will increase in inverse proportion to the suitability of the area itself. This case constitutes a constructive criticism of the city plan, because locating these areas in such contexts has indirectly increased the costs of their transformation, as the costs of the urbanization infrastructure related-costs will be high. Data analysis, then, allows us to evaluate the choices made in the city plan regarding the placement of additional demand of services. On one hand, it has allowed us to eliminate part of the work for extending the network, because part of the demand has been placed in areas already efficiently served. On the other hand, our analysis shows us how a demand that is spatially undefined, or in the wrong area, will result in increasing investment costs if we get away from the concept of densification of services and building. In highly urbanized and dense areas, with high service coverage, the ratio representing the infrastructure endowment per capita served (K), generally has low values. This means that in these areas with a few meters of a network, it is possible to serve more users with lower implementation and management costs. Conversely, in slightly urbanized and scattered areas with low service coverage, it takes many meters of network to serve a few users, which results in very high costs of implementation and management. In this context, the logic of densification is the one that allows us to combine all the different aspects examined, especially those of economy and efficiency. This application shows that the method allows us to optimize the size and localization of investments necessary to meet service criteria by looking at the actual efficiency of the networks. In fact, comparing the results with the information provided by the WIP in relation to the sample area, it is possible to reduce the investments in the network originally planned by the same WIP. Interesting reflections of the results arise also from the sensitivity analysis (SA) developed for the application in question; the SA allows us to highlight the problematic aspects of the evaluation process and, at least in principle, to investigate them more thoroughly and to improve them. The spatial sensitivity analysis is, in fact, a process through which the decision maker reaches deeper knowledge about the structure of the problem and a greater awareness regarding the performance of the alternatives, in light of uncertainty and acceptable risk thresholds [50]. This SA makes explicit how the various decisional elements interact to choose the most valuable solution which is also born from disagreement between decision makers expressed within the process.




4. Conclusions


The application opens a series of reflections on the investigated techniques regarding the use of our methodology to achieve our goals of rearranging methodical planning in this field, using the input–feedback mechanisms between the WIP and the city plan, in pursuit of smart integrated planning. The methodological approach adopted provides substantial support for further assessment. This first step represents a useful knowledge base for the next, more detailed, phase of analysis, which involves the micro-location of investments and the review of city plan policies. In fact, the study case shows that MC-SDSS models are able to offer significant support in the phase of macro-localizing the most suitable areas to host new users, or extend existing networks, and to better integrate them with the existing infrastructure. The service’s targets are redefined with respect to the space component of demand, until now neglected, and with regard to the sections, or urban areas, functionally linked to the directives of the city plan. It is clear that the presence of constraints and decision factors limits the number and geographic extent of alternative spaces. The results show a dutiful disincentive policy for investments placed outside urbanized areas which already suffer of structural weaknesses.



Furthermore, the suitability map allows us to validate the address criteria for urban transformations which have to be followed by the city plan in view of densification rather than expansion of the urban structure in the rural areas. It will be possible to select and compare alternatives, choices, and drivers of the city plan with regard to the infrastructure subsystem that represents the carrier network on which all activities of land use should be developed. Our discussion has highlighted the potential integration of GIS techniques and multi-criteria analysis and explained this approach is very useful in systematically providing transparent and repeatable decision support, thanks to a clear and rational presentation of the results facilitated by the creation of thematic maps. One of the most significant strengths of MC-SDSS models is the support that they provide both for the planning phase, where they can help to generate alternate options, and the evaluation phase, where they allow the comparison of alternatives based on various criteria to make explicit the impacts, levels of tradeoff, and overall attractiveness of the options. Our application shows that multi-criteria spatial analysis can provide effective support to the strategic planning phase of investments in territorial transformation, providing a useful knowledge base for more detailed subsequent analysis (micro-localization). In fact, according to our results, the potential benefits of the spatial ANP approach for defining the investments of territorial transformation appear to be plentiful. First, the analysis highlights what factors are most significant for the decision through a transparent evaluation process. Future research will refer to the extension of the methodology to the other component of water infrastructure, the water distribution network. We also intend to develop a sensitivity analysis based on generating multiple combinations of weights, to be associated with several criteria, in order to take due account of various uncertainties [51,52], and the integration of ANP with Fuzzy TOPSIS methods [53,54]. Indeed, this case study has showed that the limits of a multi-criteria spatial analysis essentially rely on the availability and accessibility of spatial data, which are rarely public and are scattered among various agencies, as well as the need for preliminary data processing before data can be used in MC-SDSS software. The widespread implementation, on the national level, of this methodology needs a legal obligation to address and regulate the participation of different actors in the decision-making process, while at the same time formalizing the link between city plans and the Water Infrastructure Plan. However, since there are no technical difficulties in the implementation (it is simply necessary to expand the database of WIP with the data on the land use and environmental constraints), we hope in application trials to boost sector governance to provide for the regulatory address that is needed.
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