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OPEN A two-stage model of the fuzzy
analytic hierarchy process and
the fuzzy synthetic evaluation
technique to prioritize sustainable
sanitation services under
uncertainty
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In the context of the Sustainable Development Goals (SDGs), which strive to ensure comprehensive
access to fundamental water, sanitation, and hygiene (WASH) services, it is extremely imperative

to prioritize communities in need and still disadvantaged. Moreover, tackling the worldwide
sanitation crisis entails advancing the development of productive and sustainable sanitation systems
and infrastructure. Sanitation planning is a multidimensional exercise encompassing multiple
dimensions, stakeholders, and strategies, typically with conflicting objectives. Poor planning, funding
obstacles, stakeholder priorities, climatic changes, growing populations, system constraints, and

user engagement all complicate the entire process. Intelligent strategic decision-making is crucial,
particularly for resource-constrained economies. Multi-criteria decision analysis (MCDA) models

offer opportunities to figure out and resolve such conflicts, while also optimizing prioritization and
policymaking. These models assist with considering trade-offs, data uncertainty, and arriving at
decisions by considering technical, economic, social, and environmental sustainability. In the present
work, a two-stage integrated model of the Fuzzy Analytic Hierarchy Process (FAHP) and the Fuzzy
Synthetic Evaluation Technique (FSET) was developed, accompanied by a sensitivity analysis, yielding
an assessment index designated as the Sanitation Priority Index (SPI). This index is particularly
applicable in prioritizing and categorizing communities in need of sanitation infrastructure (e.g.,
wastewater collection systems and treatment plants), considering competition over scarce resources,
reliance on third-party funds, and sustainability factors. The decision-making problem was designed as
a hierarchical structure that integrates all problem elements and specifies the key criteria contributing
to the SPI. Fuzzy set theory handles data uncertainty, with FAHP evaluating criteria significance in

a group decision-making context and FSET designing criteria membership functions. Field data on
criteria contributing to the SPI is transformed into fuzzy intervals, synthesized, and defuzzified to
derive the SPI at community level. The model’s robustness is examined using sensitivity analysis as it is
applied to several Palestinian communities lacking sanitation infrastructure. The outcomes show that
the demographic criterion has the major impact on the SPI (20.38%), followed by water consumption
(16.76%) and wastewater reuse potential (15.40%). Environmental risks account for 12.40%, utilities’
competency (11.5%), and industrial wastes risks (8.72%). The socioeconomic context is valued at
5.10%, geographical constraints at 4.51%, and license constraints at 4.8%. Out of the 25 communities
investigated, five exhibited SPI values surpassing 60.0%. Eleven communities possessed SPI values
between 50.0% and 60.0%, and nine achieved SPI values ranging from 40.0 to 50.0%. The sensitivity
analysis application reveals almost complete stability in prioritizing communities. Introducing this
model into relevant bodies’ sanitation management practices and planning strategies holds the
potential to significantly boost sustainable sanitation services as well as the performance of water and
wastewater utilities. It further enables the incorporation of additional criteria and the interests of more
stakeholders.
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Water and sanitation services are imperative to public health and fundamental living survival. Among the
most significant challenges of today’s world is ensuring their prevalent, complete, and lasting universalization'.
Considering outstanding technological advances in the recent past, a substantial proportion of the globe’s
population still lacks the luxury of water and sanitation resources'. These disparities constitute an array of
challenges to the global community, which is struggling to arrive at a compromise on the inalienability underlying
this basic right, hampering effective options®. The United Nations (UN) enacted the Millenium Development
Goals (MDGs) and, subsequently, the Sustainable Development Goals (SDGs) to make sure the availability,
affordability and sustainability of water and sanitation services for all'. According to the United Nations®,
billions of people worldwide are lacking access to clean water or sanitation, with 2.2 billion and 4.2 billion,
respectively, without these services. Annually, approximately 800,000 people die from diarrhea as a consequence
of contaminated water and ineffective sanitation services®. The hurdles that these services encounter are not
primarily attributed to technological or physical limitations, instead owing to a governance issues triggered by
inadequate financial practices, poor management, economic policies, deficient legislations, etc®. Regardless of
globally endeavors to eradicate the imbalances in these services between developed and developing nations,
major gaps endure, attributed largely to socio-economic considerations®.

Regarding sanitation sector, poor services undermine both human well-being and environmental
sustainability’. This concern grows more severe in developing countries, where insufficient accessibility,
growth in populations, technical challenges, financial deficiencies, and unplanned developments all retard the
introduction of sustainable sanitation services. The sanitation infrastructures, primarily, in developing countries
struggle to keep up with the rapid population growth?®. The relevance of wastewater management is stressed in
SDG6-Target 6.3, which intends to decrease untreated wastewater by 50% by 2030. Despite global endeavors,
only one-quarter of SDG6 advancement has been made, with 50% of the worldwide population lacking proper
sanitation, including 25% without basic services’.

In low-and middle-income countries, 80-90% of wastewater is released into water bodies untreated!®. Poorly
managed wastewater harms water!!, and insufficient sanitation accounts for 80% of infections in developing
countries®!2. Over 2.7 billion people operate septic systems!®, which contaminate groundwater pollution and
introduce hazardous pollutants like nitrogen!*!>. High nitrate levels can cause health problems'®, and sewage
contributes to marine eutrophication!”. Therefore, managing sewage pollution is vital to mitigate the potential
risks to both the environment and the public!”.

Sanitation services planning implies numerous dimensions, multiple stakeholders with different interests,
and different strategies. This multifaceted process frequently features competing objectives, demanding strategic
decision-making at the initial planning phase. In this context, various standards and multiple-criteria decision
analysis (MCDA) techniques are becoming more prevalent for wastewater and sanitation planning, including
several MCDA models and frameworks developed in the recent past'®. In resource-limited economies (i.e.,
developing countries), improper planning, funding deficiencies, distinct stakeholders’ preferences and interests,
climatic changes, growth in populations, systems’ functioning needs, and user awareness and backing of
sanitation services hamper policymakers’ functions. These complications pose a challenge to define priorities,
utilize available resources, and prioritize communities in need for such services’. A successful strategy in this
regard requires taking all the environmental, social, economic, and technical components of long-term sanitation
services’ sustainability into account. Consequently, MCDA enables the evaluation of trade-offs between
competing criteria spanning multiple dimensions of sustainability, as such empowering decision making!'*-2!.
MCDA systems are quantitative decision-making models that compare and assess distinct decision alternatives
considering typically an array of evaluation criteria?2.

In the present study, we applied a two - stage integrated model of the Fuzzy Analytic Hierarchy Process
(FAHP), and the Fuzzy Synthetic Evaluation Technique (FSET) extended by a sensitivity analysis to develop
an assessment index designated as the Sanitation Priority Index (SPI). This index is especially powerful
towards prioritizing and sorting communities in need of sanitation services (i.e. wastewater collection systems
and treatment plants), considering the competition over limited resources, reliance on external funding, and
sustainability attributes. These tools were decided on given their robust mathematical features, functionality
in handling both qualitative and quantitative data, performance in managing uncertainty, as well as their
potential for structuring multidimensional and complicated decision-making problems applying the hierarchy
module. Even though other MCDA models, including Preference Ranking Organization and Method for
Enrichment Evaluation (PROMETHEE), Elimination and Choice Expressing Reality (ELECTRE), etc., are well-
structured and deliver consistent outcomes, some are being critiqued over their evaluation techniques, which
tend to be seen as vague and challenging for Decision Makers (DMs) when applied to different water resources
management problems®. Diverse MCDA techniques applied to a similar decision-making problem often give
comparable outcomes, particularly when experts possess substantial knowledge?*?*. In other cases, comparing
AHP and AHP-PROMETHEE, for example, revealed identical conclusions, differing only in ranking pattern®.
Accordingly, crucial considerations for determining MCDA technique include problem complexity, expertise
of experts, criteria management, ease of implementation, and interpretability. The techniques applied in the

Scientific Reports |

(2025) 15:3736 | https://doi.org/10.1038/s41598-025-88236-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

present analysis, particularly FAHP, are flexible, capable of handling complicated problems, and generate reliable
outcomes under uncertain conditions®*?’.

The decision-making problem followed a structure of a hierarchical module that incorporates all problem’s
dimensionsand determines thekey criteria contributing to the SPI, involving physical, operational, environmental,
and socio-economic parameters. Fuzzy set theory is applied to cope with the inherent uncertainty associated
with used data. The FAHP is employed to determine the significance of the proposed criteria under a group
decision-making context, while the FSET serves to design the criteria’s membership functions. This technique
further transforms field data for selected communities to be prioritized into fuzzy intervals, synthesizes each
community performance, subsequently defuzzifies the outcomes to arrive at the SPI for every community.
Finally, the model is subjected to sensitivity analysis to appraise its robustness.

The objective of this work intends to support wastewater utilities, specifically in developing regions, to
exercise planned and well-structured decisions regarding the communities having the most need of sanitation
services and infrastructure. The model’s novelty and practical utility are demonstrated by its potential to induce
effective allocation of limited resources consistent with community priorities and policymakers’ interests and
contribute to more effective and long-term solutions for sanitation planning. To showcase the tangible utilization,
the developed model is tested in Palestine, a typical developing region, paying attention to several communities
that have no sanitation infrastructure along with different features. This holistic methodology addresses a gap in
present decision-making models in the subject matter by delivering a systematic, adaptable, and context-specific
instrument for prioritizing sanitation needs, mainly in developing regions.

The subsequent sections of the present work are organized as follows: Sect. 2 explores previous research
works, Sect. 3 summarizes the materials and methods being utilized, Sect. 4 outlines the case study, Sect. 5
delivers the results and analyzes the major outcomes, and the final section, Sect. 6, summarizes the conclusions
drawn.

Related works from literature

Recognizing that wastewater collection networks and treatment facilities are regarded among the most essential
and costly municipal infrastructure assets, while also being crucial for public health and socio-economic
advancement, effective utilization of resources is imperative. Introducing sanitation services and infrastructures
in underserved communities demands an in-depth investigation of relevant criteria and rational decision-
making. Comprehensive assessment and prioritizing procedures, including reliable prediction models, are
significant for effectively identifying communities’ needs. Such procedures should incorporate human knowledge,
experiences and opinions by experts?®. Some models have been devised to analyze the overall performance of
urban infrastructure systems. These models attempt to establish efficient strategies for planning infrastructure
relied on performance and costs of investments’.

In this context, Khatri, et al.> developed a performance index for urban infrastructure systems using the FSET.
This index utilizes an array of evaluation criteria, including community concerns, regulatory concerns, service
reliability, along with several performance indicators. The model was applied to four systems in Kathmandu,
Nepeal to test its applicability. Marcelo, et al.*® proposed the infrastructure prioritization framework, an MCDA
model that prioritizes infrastructure projects considering social, environmental, financial and economic factors.
The methodology correlates with policy goals, integrates criteria into indexes, and has been found to be effective
in enabling utilities at allocating scarce funds for infrastructure projects in the context of funding deficiencies.

Matos, et al.'®introduced a MCDA model for selecting the most appropriate sanitation services at early
planning stages, considering technical, economic, environmental, and social dimensions. The developed model
has been tested in four regions of Angola with the objective of offering broad sanitation coverage using sewer
systems, pit latrines, septic tanks, and offsite treatment. Ibrahim and Ali*! applied a MCDA model to decide
on the most appropriate wastewater management solutions for Khartoum city, Sudan. They concluded that
decentralized wastewater management strategies are ecologically sound, sustainable, adaptable, reliable, and
affordable, whereas centralized solutions tend to be costly and challenging for rapidly expanding cities.

Jararaa® developed a MCDA model to assist with prioritizing regions in need of wastewater sanitation
services in Palestine. In this model, a set of criteria impacting the decision-making process in the sanitation
sector, including demography, water consumption, wastewater production, wastewater reuse, etc., was proposed
and evaluated by a group of experts to determine its significance. Despite the potential of this model for handling
the decision problem under exploration, it relied on simple scoring strategy that neglected to account for the
associated data uncertainty. In this approach, experts were tasked with scoring an array of evaluation criteria
on a scale of 1 to 9. This strategy is ineffectual for ambiguous decision scenarios, which are standard in the real
world, because it assesses multiple criteria simultaneously. In contrast, the proposed model in the present work
incorporates mathematics and psychology to evaluate multiple criteria and determine the most significant ones.
It manages this issue by pairwise comparison, which enables two criteria to be compared at once following
organizing the tested evaluation criteria into matrices. It further manages uncertainty using fuzzy set theory. As
it is clear, the subject under investigation has drawn relatively little attention in the literature. This present work
is the first study of its kind to investigate the challenge of prioritizing sanitation services using an integrated
and holistic approach that accounts for decision-making under uncertainty, local conditions, and sustainability
dimensions.

Materials and methods

Sanitation Priority Index (SPI) framework

A hierarchical model with several levels is suggested to handling the decision problem featuring competing
priorities. This technique organizes the complicated problem into sub-problems, enabling DMs to appraise
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options considering specific sets of criteria at various levels of detail. The model mimics a tree, having the root
expressing the overarching objective and the descendant nodes implying evaluation criteria. Such criteria are
applied for assessing options/alternatives in the most basic level of the model’s hierarchy. The complexity of the
problem determines the number of criteria and sub-criteria levels required. Developing an objective decision-
making model demands an exhaustive review of the literature, consultation with experts, thinking about all
problem dimensions, and a comprehension of the local context. Handling these concerns implies that the
developed model can potentially be executed effectively. Furthermore, straightforward targets must be fulfilled
by the proposed model. In the present case, the key objective is to figure out communities in need of sanitation
services and wastewater infrastructure, prioritizing those communities considering limited resources, and
maintain an acceptable compromise among social, economic, technical, and environmental concerns. Likewise,
water and wastewater utilities’ policies, designed at improving services, boost public health, preserve water,
reduce operating costs, and sustain affordability, should be enforced.

We derived from earlier investigations the most significant criteria for prioritizing wastewater sanitation
services'®2-3, Table loutlines the key evaluation criteria derived primarily from Jararaa®? and associated with
sustainability objectives, taking into consideration local conditions.

Figure 1 presents the hierarchical structure of the proposed SPI framework. It is structured into three levels,
having the primary goal of developing a decision support model for prioritizing sanitation and wastewater
treatment services at the top of the hierarchy. The second level presents the key evaluation criteria, coded from
ECI1 to EC9, that assess the performance of options/alternatives towards the overall goal. All these criteria will
be appraised regarding their relevance to the overall goal in the upper level. Lastly, the third level is designated
for a group of options representing targeted communities tagged from Community 1 to Community n, which
will be scored and categorized following their performance towards every evaluation criterion in the upper level.

Fuzzy set theory

Fuzzy set theory introduced by Zadeh in 1965 3%, has been widely applied for modeling decision-making processes
associated with incomplete and vague data. It considers the uncertainty embedded in human communication,
reasoning, evaluation, and decision-making®’. Linguistic attributes can be articulated qualitatively via linguistic
expressions and quantitively as a fuzzy set in the entire universe of discourse along with a membership function.
Elements in fuzzy set theory are associated with a space that lacks distinct defined bounds. In contrast to
crisp sets, where an object simply pertains to or is not associated to a set, fuzzy set theory enables objects to
possess membership values spanning the interval [0, 1], that imply a degree of membership*. Triangular fuzzy
numbers (TFNs) are frequently applied for modeling qualitative concepts as fuzzy numbers, because of their
straightforward nature and capacity for interaction with linguistic terms*. For a triangular fuzzy number A,
the membership function, as demonstrated in Fig. 2, transforms from the space (R) to the interval ([0, 1]). It is
represented by three values, symbolized as (I, m, u), and can be stated as shown in Eq. 1:

0, z=z<1
x—1
~ I<z<m
— m—1? — —
pA =g S (M
0, otherwise

The (I, m, u) attributes indicate real numbers that stand for the lowest, ideal, and the highest possible values,
respectively. They express a fuzzy scenario that involves (I <m < u). Considering two triangular fuzzy numbers,
A=(apa,a,)and B = (b, by, b,), the operational notions outlined as follows:

Code | Evaluation Criteria (EC) | Explanation
EC1 | Demography As the population grows, the relevance for constructing sewerage collection networks and sanitation services increases as well.
gcy | Water consumption/ Water consumption has a positive correlation with the production of wastewater.
wastewater production
EC3 | Wastewater reuse The potential utilization of wastewater treated in irrigation impacted by factors including agricultural land availability and crop suitability.
) Constructing sewerage collection networks and treatment systems can mitigate the adverse impacts of uncontrolled raw sewage discharge
EC4 | Environmental factors o R . .
and cesspit spills on ecosystems, bringing about substantial environmental advantages.
EC5 | Operational body Communities having a robust and an authoritative operational body tend to be competent to manage and operate sanitation services and
projects with greater efficiency.
Municipalities or communities confront challenges in embracing pre-treatment processes for industrial wastewater, considering that direct
EC6 | Risks of industrial wastes | transmission of effluents from industrial and manufacturing operations (e.g., stone cutting, olive pressing, textiles, etc.) to the collection
systems will be restricted.
The socio-economic factor comprises both economic level and educational achievement. It reveals the community’s endorsement of what
EC7 | The socio-economic factor | is being proposed along with citizens’ economic potential, which shows their capacity to pay for and participate in the expenses related to
construction, operation, and preservation of sanitation services. This criterion’s relevance will be judged principally by the economic status.
EC8 | The geographical factor The significance pf the sewerage collection system location improves as it counts more on gravity for its functioning (Topography and
catchment areas impact capital cost, construction, and the demand for pumping stations).
. . This criterion corresponds to the process of acquiring licenses and executing projects, considering that the Palestinian territories are
EC9 | License issues P . e . . . . . -
categorized into three major geopolitical regions: A, B and C, with A being the most straightforward to acquire the permission.

Table 1. Proposed evaluation criteria used to measure the performance of options in achieving the overall
objective related to prioritizing sanitation services.
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Overall objective Services Based on a Sanitation Priority Index (SPI)
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Fig. 1. Hierarchical structure of the Sanitation Priority Index (SPI) framework.
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Fig. 2. Description of triangular fuzzy number (TFN).
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The symbols @ and ® depict an expanded summing and multiplication of the two triangular fuzzy numbers,
respectively.
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Fuzzy analytic hierarchy process (FAHP) technique

The AHP procedure, developed by Saaty®, is one of the most applied MCDA techniques***?, with broad
applications across different fields. These include assessment of healthy lifestyles®’, solid waste management*4,
land susceptibility assessments*, identifying ideal locations for solar photovoltaic (PV) power plants*®, mapping
flood susceptibility?’, analyzing earthquake hazards*, and groundwater quality assessment*. This technique is
characterized by its well-defined mathematical properties, ease of acquiring the required input data, and capacity
to successfully manage both quantitative and qualitative data. It is also reliable for structuring complicated
decision problems into multi-level systems®. As indicated by Nassereddine and Eskandari®!, AHP is appealing
from the experts’ perspective compared to other MCDA techniques.

Even though it is straightforward to comprehend in the overall context of mathematical computations, it gets
criticized frequently for failing to cope with uncertainty issues. Therefore, incorporating fuzzy set theory with
conventional AHP becomes crucial for managing sources of uncertainty. The fuzzy extension of AHP (FAHP)
encodes linguistic decisions into triangular fuzzy numbers (TFNs) configured in a fuzzy pairwise comparison
matrix structure, thus rendering it perfect for tackling hierarchical evaluation problems having fuzzy decision-
making requirements°2. In the present study, we applied the methodology suggested by Kabir and Sumi® and
Calabrese, et al.>%. This methodology draws on the modified normalization method suggested by Wang and
Elhag®, which processes evaluations, verifies consistency, and evaluates priority weights, as highlighted below:

Step 1 Transformation of the linguistic concepts applied by DMs for expressing comparison evaluations into
TFNs. The comparison matrix is structured as follows.

(1,1, 1) (li2,mi2,u12) -+ (lin, Min, Uin)
~ - (l21, m21, u21) (1,1,1) . (l2n, man, u2n)
() . . : )
(lnlgmnhunl) (ln27mn27un2) e (17 17 1)

Table 2shows the value scale applied in the FAHP,

Step 2 To combine the priorities of {DMs and form the conclusive pairwise comparison matrix, the function of
the geometric mean can be applied®.

’L’T)ij = (L wi]-, Mwij,Uwij) (6)

Lwgy = ([T o1 Lwie) ', Mwsg = ([T i Mwige) V", Uwig = (T f21Uwize) ™"
w;; = the triangular fuzzy weight of the ith criterion relative to the jth criterion.

Step 3 After combining t DMS’ priorities in just one matrix, the mean integration methodology can then be
applied to defuzzify the consolidated inputs. This strategy transforms the fuzzy number = (I, m, u) into a crisp
value®® as follows.

(i) = = Lt

Step 4 To assess a matrix’s consistency, it is possible to assess the associated consistency index (CI) and the
consistency ratio (CR) in the manner below.

A maz — N

Cl= (8)

n—1

where X mqz 75 the primary eigenvalue, and n is the matrix order. The CI is subsequently compared to a
randomized consistency index (RI), as depicted in Table 3.
The CR for the same order matrix is given by the following equation:

Positive TEN | Reciprocal TEN
Linguistic term Code | (I, m, u) (1, m, u)

Equal Importance
(Two criteria equally contribute) EI L1 L1

Moderate Importance
(Experience and judgment moderately favor one criterion over another) MI (,3.5) (1/5,1/3,1)

Strong Importance
(Experience and judgment strongly favor one criterion over another) St 3,57 (77,175, 1/3)

Very Strong Importance
(A criterion is favored very strongly over another) VSL 1 (5.7.9) (1/9,1/7,1/5)

Extreme importance
(A criterion is extremely favored over another) EXI 7.9,9) (119,119, 1/7)

Table 2. Description of linguistic terms for the evaluation procedure.
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—

3 4 5 6 7 8 9 10
0.58 | 0.90 | 1.12 | 1.24 | 1.32 | 1.41 | 1.45 | 1.49

Matrix size (n)
Random CI (RI)

(=]
(=]

Table 3. Randomly developed consistency index (RI) for different matrix dimensions; Saaty’s thresholds for
random consistency.

CI
= 9
CR i 9

Generally, CR should be managed at or below 10% for the sake of the matrix’s consistency.
Step 5 Following the consistency assessment, the modified Chang extent analysis methodology, involving the

correction for Chang’s normalization algorithm as suggested by Wang, et al.*%, can be deployed. The aggregate
value of every row in the consolidated matrix is computed applying the subsequent equation.

RS»L = Z ;zlaij = (Z ;1:1lij, Z ;Lzlmij, Z ?:1'“1’]’)71 = 17 SRR Ld (10)
To normalize the row sum Sy-, use the following equation:

~ RS;
S —_—
Z 7771:1 RS,

S

( > F=1li > Jeimij > G-1uij ) (11)
Z ?:1lij + Z =1, ket ,Z G Uk Z =1, k#iz ;'2:1ka’ Z j=wig + Z h=1, k;uz ?:1lkj
1,...

= (li,mi,us)i =

, N

Step 6 The precise values can be estimated by converting the fuzzy weights applying the strategy suggested by
Calabrese, et al.>* as follows.

wi = Si (§) - “*m# (12)

Normalization provides an equivalent normalized crisp weight vector as follows:

W = (w; wy...... ,wy,) (13)

Fuzzy synthetic evaluation technique (FSET)

The FSET forms part of the fuzzy MCDA methodologies, and it induces an aggregated version that synthesizing
several distinct components of an exclusive assessment?. As a subfield of fuzzy set theory, FSET enables the
effective management of vague non-numerical notions along with handling the inherent uncertainties in
knowledge of experts®.

Fuzzification of the evaluation criteria
To apply the FSET for evaluating SPI, the contributing criteria must be fuzzified. This implies developing
membership functions for these criteria, that will transform real-world data into fuzzy values in the range of
[0, 1]. In the present scenario, membership functions are categorized into three classes: low, medium and high,
and are expressed by triangular function. The low level suggests the minor potential contribution to the SPI, the
medium level signifies an intermediate contribution, and the highest level offers the most significant contribution
to the SPI. The nature and quality of data in the evaluation criteria (i.e. crisp, fuzzy or uncertain data) impacts the
fuzzification strategy should be applied?. The ranges of performance levels and corresponding thresholds for the
evaluation criteria were identified leveraging pertinent literature!®?-3, interviews and consultations with field
experts and professionals, and considering local conditions and overall characteristics of targeted communities.
The demographic criterion (EC1), an essential aspect of social sustainability, is recognized as a key indicator
in prioritizing sanitation services, and its significance increases as populations grow. Following consultations
with experts and investigating funding agency selection criteria, sanitation programs are typically prioritized
for funding in communities with populations surpassing 10,000 ®!. In the present study, we developed three
performance levels based on the population ranges that dominate the Palestinian communities and the
suggestions of experts and guidelines of funding agencies: communities with less than 10,000 people are
awarded a low score, the ones with 10,000 to 15,000 acquire a medium score, and communities over 15,000 are
assigned a high score. For the water consumption criterion (EC2), which is a measure of wastewater production,
Jararaa®’stated a 5-point scale, with 1 point for consumption less than 45 lcpd, 2 points for 45-55 Icpd, 3 points
for 56-65 lcpd, 4 points for 66-90 lcpd, and 5 points for consumption above 90 lcpd. In the present model, this
criterion is organized into three performance levels to correspond to the entire methodology, which depends on
three distinct levels. The three-level procedure streamlines the evaluation process while retaining accuracy. A
low rating is specified for consumption less than 45 Icpd, a medium rating for consumption between 45 and 65
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lcpd, and a high rating for consumption above 65 lcpd. The wastewater reuse criterion (EC3), which determines
the capacity for using treated wastewater in agriculture, is impacted by considerations including agricultural land
availability. This criterion draws on the system of classification applied by Palestine’s Ministry of Agriculture,
which classifies land into three distinct groups: low, medium, and high value land. Highly valuable agricultural
land holds the greatest potential for exploiting treated wastewater®2.

The classification of environmental factor (EC4), which evaluates the hydrological vulnerability of
groundwater to pollution triggered by inadequate sanitation practices, follows the guidelines formulated by
the United Nations Environment Program (UNEP) and the Palestinian Environmental Quality Authority. This
system maps Palestinian regions into three categories according to the hydrological vulnerability of groundwater
to pollution sources: low, medium, and high®. For the operational body criterion (EC5), which examines
utilities’ competence in managing and operating sanitation services, we applied Palestine’s Ministry of Local
Government (MoLG) and Municipal Development and Lending Fund (MDLF) classification. This approach
scores municipalities from A to D with respect to financial management, maintenance plans, investment, capital
budgeting, and auditing®. We assigned performance into three levels: high for A and B municipalities (most
competent), medium for C and D municipalities (appropriate competence), and low for village councils and
projects committees. The risk of industrial waste (EC6) stands for the adverse effects of industrial effluents on
municipal sanitation systems, rendering it less appealing for integrating these businesses into public services due
to the requirement of pretreatment. Communities with a higher level of industrial activities are consequently
more unlikely to have sanitation services compared to others. We applied the Jararaa®? approach, but three
performance levels rather than a five-point scale. The socio-economic factor (EC7) highlights the positive
association between a community’s socio-economic standing and its capacity to embrace and sustain sanitary
services. We classified performance into three levels: low for communities with less than 30% economically
active individuals, medium for those with 30-35%, and high for communities exceeding 35% 32.

The geographical factor (EC8), which impacts sewerage network costs and promotes gravity-based systems,
was categorized into three levels of performance following experts’ consultations: low for systems having less
than 50% gravity flow, medium 50-95%, and high for systems exceeding 95%. For the last criterion, licenses issues
(EC9), which pertains to acquiring licenses and executing projects, we relied on policymakers’ recommendations
and guidelines of the Palestinian Water Authority (PWA) to establish performance levels. Communities in
geopolitical area A (under full Palestinian rule) enjoy swift approval and implementation. Those in area B (under
partial Palestinian authority) possess lower approval rates. While communities in area C (outside of Palestinian
authority control) typically endure major delays in acquiring approval. Table 4 presents the fuzzy sets of the
evaluation criteria that contribute to the SPIL

As an example, when visualizing the demographic criterion and how it contributes to the SPI, it is suggested
that the significance is relatively modest for populations below10000, Table 4. For populations of 10,000 and
15,000, the significance is moderate. Finally, for populations more than 15,000, the significance is major, as
the demand for sanitary infrastructures elevates with the growth of populations. The performance scale and
membership functions for this criterion are presented in Fig. 3. As an illustration, in a community of 10,500
citizens, the fuzzified three-tuple fuzzy set for this case can be generated via intersecting the criterion value
(x-axis) with each of the membership functions. As illustrated in Fig. 3, there is a lack of intersection with the
low membership function (i.e., i ,, =0). The measurement gets across with the medium membership function
at 0.9 (i.e, gy = 0-9) and the high membership function at 0.1 (i.e., py,y, =0.1). The fuzzy mapping algorithm
delivers a fuzzified value of [0.0, 0.9, 1.0].

Performance levels
Performance es
Code | (evaluation criteira) Low Medium High
EC1 Demography <10,000 10,000-15,000 > 15,000
‘Water consumption/
EC2 wastewater production <45 lcpd 45-65 lcpd >65 lepd
EC3 | Wastewater reuse Minimal reuse potential Medium reuse potential Great reuse potential
w u (Low value agricultural land) (Medium value agricultural land) (High value agricultural land)
Community located in a region of low hydrological Community located in a region of Community located in a region of
EC4 | Environmental factors | vulnerability to groundwater pollution (no springs, medium hydrological vulnerability to | high hydrological vulnerability to
groundwater wells, etc.) groundwater pollution groundwater pollution
Village council, Committee (Ministry of Local Government Municipality C, D (Ministry o f Municipality A, B (Ministry Of
. . . Local Government and Municipal Local Government and Municipal
EC5 | Operational body and Municipal Development and Lending Fund : :
A Development and Lending Fund Development and Lending Fund
classification) . . - X
classification) classification)
ECé6 Risks ?f industrial > 15 (stonecutters + olives-oil mill + textiles) 15-5 <5
wastes
EC7 The socio-economic <= 30% of the total population aged 10 years and over is 30-35% of the total population aged 10 | >35% of the total population aged 10
factor economically active years and over is economically active years and over is economically active
EC8 | The geographical factor | <50% by gravity flow 50 —95% by gravity flow >95% by gravity flow
EC9 | License issues C B A

Table 4. Characterization of the evaluation criteria that are used to evaluate the SPI (fuzzy sets and

thresholds).
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Fig. 3. Membership functions and fuzzification of demography criterion (EC1) contributed to the SPI as an
example.

Following the fuzzification procedure, the resultant three-tuple fuzzy set for each criterion can be expressed
by the equation below, as observed in the previous case:

Ai = [pqs Bos b (14)
where the three-tuple fuzzy (low, medium, high) for attribute i is expressed by A, after fuzzification operation.

The interpolation techniques corresponding with the demographic criterion applied for establishing the
fuzzy set are listed below as an illustration:

b (2) = 0, = < 10000 (15)
1= (10300) » 0< z < 10000
_ 2 0< z< 10000
H wsedinm (%) { (%33003 10000 < < 15000 1o
15000—10000/ — —
I pign (%) (56500000 ) + 10000 < & < 15000 (17)
1, 15000 < z

The cumulative contribution of evaluation crietria to the SPI at the community level

The composite performance of the evaluation criteria will conclude in a synthesized SPI value for every
community under investigation. This synethesized performance score will possess the arrangement of a three-
tuple fuzzy set, as given in Eq. 14. As described by Khatri, et al.??, aggregation is made possible by multiplying
the weighted vector of the criteria (i.e., the weights vector acquired by applying the FAHP methodology) with the
evaluation matrix. For instance, if there are #, evaluation criteria pertaining to the overall goal C, and following
fuzzifiying the evaluation criteria, the resultant evaluation matrix is going to be of size [#.*3]. The weights vector
for this set of the evaluation criteria, derived from the FAHP methodology, is W, = (W oo Wji""wjnj]' The
aggregation function follows the equation described below:

Cj = anj*Ajnj (18)
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pitowdyopd

Cj = [wjl......... wjl..w;ng] * p{l /;;Z uf,f (19)
T CR

Ci=[ni ni ni] (20)

where A, .is the evaluation matrix established by the fuzzification of n; evaluation criteria; [ AT
corresponds to the three-tuple fuzzy array (low, medium, high) for the evaluation criteria i (i=1 to nj), and G

signifies the three-tuple fuzzy set [ TR TR SR ] for the SPI/community following aggregation.

Defuzzification of the aggregated SPI

This technique involves transforming the three-tuple fuzzy set, which corresponds to the SPI/community, into
a precise number. To achieve this transformation, it is possible to apply an array of techniques (e.g., mean-max-
membership operation, centroid method, maximum operator, etc.)®*. The centroid technique constitutes one of
the most frequently applied techniques for figuring out the center of gravity for a fuzzy set?. The subsequent
equations define the procedure:

c,.A:/ uA<x>xdx// o @) Q)

where C, symbolizes the centroid of the fuzzy set A over an interval d to e.
To define the SPI/community, we specified three distinct levels, and the centroid value for every membership
function can be identified in the following procedure:

SPI/community; = [B;] * [C]" (22)

where SPI/community, is the defuzzified value of SPI for community i, B, is the value of the SPI for community
i in the structure of a three —tuple fuzzy set, and [C]7 is the transpose of the centroid values vector of the
recommended membership functions, C = [C, , C, s Cion- The membership functions specified in the
present study for expressing low, medium, and high SPI were (0, 0, 50), (0, 50, 70), (50, 70, 100), respectively. The
associated centroid values are C10W =16.67, Cme dium = 40.0, and Chigh =73.3, respectively.
Sensitivity analysis
The intention of this analysis is to examine the casual association between the model’s inputs and outputs,
recognizing factors that exert a substantial impact on outputs and valuing this impact. In the present study,
sensitivity analysis entails exchanging each criterion weight provided by the FAHP for another criterion weight
(mutual exchange)®. This strategy optimizes comprehension of how experts and DMs shape key evaluation
criteria. Considering evaluation criteria number, multiple combinations will conclude in new scenarios. The
preliminary SPI/community scores will be retained as a benchmark and investigated across every scenario,
while considering modifications in criteria weights. The root mean square error (RMSE) algorithm will quantify
deviations in SPI values/community among the new conditions and the initial setting as stated below:
NOECIE N
RMSE = |/ &=1=——1-(23)

n

where, X; = SPI/community in the new scenario developed by the mutual exchange of criteria weights, X; "=
SPI/community value in the initial scenario, and »n=the number of scenarios in which criteria weights were
mutually exchanged.

Moreover, the Spearman’s Rank Correlation Coefficient (R) is applied for assessing the correlation between the
ranking of SPI values in the initial condition versus the median SPI values in the sensitivity analysis procedure.
The coeflicient is typically applied to relate two ordinal attributes and to investigate the association between
ranks acquired via various techniques®. It is explained by the following Eq. 6

RMSE = \/Z (X = X)) (23)
n

where, a=number of communities, A =the overall number of communities, D, = the distinction in the ranks
developed by two different techniques. If the coefficient R is 1, it implies a full correlation in the rankings. A zero
R suggests that there is no correlation. If Ris -1, it signifies a complete conflict in the ranks resulting from the
two assessed techniques®.

Case study

The developed model is applied to assign priority to a particular collection of Palestinian communities having
distinct features but a shared lack of sanitation infrastructures, functioning as an experiment for evaluating
its robustness. Palestine (West Bank and Gaza) is a water- deprived, lower-middle-income state with a water-
intensive culture’’. It is potentially vulnerable owing to its geopolitical status, and its water security components
are considered marginalized and fragile’®. The Palestinian territories endure substantial and intensifying water
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supply deficits for domestic uses. The World Health Organization (WHO) states 100 L per capita per day (Icpd)
as the minimum quantity of water necessary to maintain overall health and hygiene. The PWA, the responsible
authority by law for all regulatory, planning, and monitoring of the water and wastewater sectors in Palestine,
has established an improved target of 120 lcpd-150 lcpd. In contrast, considering non-revenue water (NRW),
the water resources at hand in the West Bank and Gaza deliver just 62 lcpd and 89 lcpd, respectively. By 2030,
the West Bank’s domestic water supply gap is projected to be over 92 million m?, while Gaza’s gap is projected to
be approximately 79 million m37°.

Sanitation accessibility in Palestine territories is high, however sewerage connections are considerable
better in Gaza compared to the West Bank. Nearly 78% of the population in Gaza enjoys access to sewerage
infrastructure, while the remaining depend on on-site services. Regarding the West Bank, 94% enjoy access
to improved sanitation, but just 30% have access to sewerage networks. The other two thirds use cesspits that
are regularly drained by vacuum tankers, which typically dump waste onto open spaces, bringing up the risks
of groundwater pollution’!. In the West Bank, nearly 30% (21 million m?) out of the overall 69 million m*of
wastewater goes into collection, but only 9.5 million m3is treated. For Gaza, around 1 million m>of wastewater
treated gets reused annually out of an overall of 80 million m*produced. Thirteen million meter cubes undergo
treatment and are released to the aquifers, while 46 million m>of untreated or semi-treated wastewater ends up
flowing into wadis, the ground, and the sea’®. In the West Bank, 42 out of the 286 service providers deliver both
water and wastewater services, while the others merely offer water. Meanwhile, 20 out of the 25 service providers
in Gaza deliver the two water and wastewater services, while the other merely providing water-only services’!.

Wastewater treated is recognized as an intriguing solution to fulfilling a portion of the growing water demands.
The wastewater system in Palestine is plagued by inadequate sanitation, limited wastewater treatment, improper
disposal of untreated or partly treated wastewater, including the use of untreated wastewater for irrigation of
edible crops’. Such challenges are further aggravated by an inadequate level of organizational integration, as
multiple stakeholders are involved, contributing to institutional fragmentations and incompetence’?. Due to
the shortage of sufficient financial resources, funding agencies engage in a significant role in the development of
Palestiné’s sanitation sector’>. Such services are impacted by the selective allocation of funds to certain categories
of infrastructure, driven by donor’s views’%. Donors frequently prioritize funding for major infrastructure
projects, primarily wastewater treatment plants, disregarding the recognition that significant infrastructure
spanning the sanitation value chain is insufficient. Stakeholders’ motivation to fund sanitation services are
impacted by prevailing social standards, governmental procedures, and associated benefits and costs for each
stakeholder’>7>. However, this strategy neglects plans for long-term development that promote sustainability”*.
In conclusion, resources and funds must be strategically allocated in a manner that prioritizes communities most
in need while offering sanitation services. The planned services should be guided by participatory approaches
that consider all stakeholder’s interests while adhering to sustainable practices.

The convoluted nature of this decision-making activity, marked by conflicting concerns, mandates the
inclusion of primary sector stakeholders for the sake of harmonizing their perspectives. In this context,
the primary criteria for the selection of experts were: (1) experience and responsibility that considers the
direct involvement of experts in governing and managing the sanitation sector in Palestine, involving their
responsibilities in setting guidelines and regulations, identifying priorities, securing funding, and allocating
resources; (2) research, communicating and coordinating potentials, making sure that experts are actively
engaged in research, developing studies, and collaborating with governmental and international organizations
for the advancement of the sanitation sector in Palestine; (3) service provision responsibility that offers practical
and real-world insights into the operational components of sanitation services; and (4) inclusivity to ensure
that all key actors, including governmental entities, non-governmental agencies, and service providers, are
adequately represented, to accommodate diverse perspectives and concerns in the sustainable development of
sanitation services in Palestine.

The MCDA procedure is scheduled to reconcile the different perspectives concerning the decision-making
problem. It is proposed that five groups of DMs and experts, with advanced knowledge of the problem in question
and meeting the previously suggested selection criteria, take part in this project. They have been advised to
appraise the whole framework of the decision-making problem with the intention of designing a robust and
efficient model for prioritizing sanitation services in Palestine.

Group 1-Decision maker 1 (DM1) Directors of the PWA express their policymaking responsibilities. This
governmental body is exclusively responsible for regulating and supervising Palestine’s water and wastewater
sectors. Experts of this group received nominations from the General Directorate for Planning, the General
Directorate for Research and Laboratory, and the Wastewater Section at the PWA”S.

Group 2-Decision maker 2 (DM2) This group involves experts from the Applied Research Institute-Jerusalem
(ART)), a non-profit organization devoted to sustainable development. ARIJ advances national scientific and
technical knowledge, introducing efficient resource use and conservation strategies’”.

Group 3-Decision maker 3 (DM3) Environmental organizations, headed by the Palestinian Hydrology Group
(PHG), a major Palestinian non-governmental organization, strive to boost water and sanitation access and
monitoring climate change and pollution in Palestine’®.

Group 4-Decision Maker 4 (DM4): This group involves experts from the Water and Wastewater Sanitation
Department in Nablus city, Palestine, representing the service providers. This department delivers and manages
two fundamental services: water supply and sanitation. It serves over 160,000 citizens and is staffed by a team of
289 employees”.
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Group 5-Decision maker 5 (DM5) This group involves experts from Wadi Ziemar Joint Service Council for
Sanitation Service, one of the largest service providers in the West Bank. The council oversees major wastewater
projects in the northern West Bank of Palestine.

The model is tested over 25 Palestinian communities based primarily in the West Bank for easy of obtaining the
required field data, Table 5. The base data was extracted primarily from Jararaa®?. Some data on population size,
water consumption, environmental factors, operation body, and geopolitical status were verified utilizing data
from the Palestinian Central Bureau of Statistics (PCBS), the Performance Monitoring Report for Water and
Wastewater Service Providers in Palestine 2022, the Municipal Development and Lending Fund (MDLF), and
the Geomolg portal for spatial information in Palestine®>71:80:81,

Results and discussion

Priority weights of evaluation criteria based on FAHP in group decision making

The FAHP methodology, which is applied to estimate the priority scores of the evaluation criteria that
contributed to the SPI, affords guidelines for harmonizing the preferences of multiple DMs on the decision
problem undergoing assessment. The entire procedure proceeds by developing a pairwise comparison matrix
at the evaluation criteria level. The trade-offs over the evaluation criteria, Level 2-Fig. 1, were mapped in the
context of the overall goal, applying the linguistic expressions (Tabel A1, Appendix 1). This technical session
was supported by experts from every one of the five DMs groups. The trade-offs of DMs have been mapped into
TFNs and their reciprocals (Table A2, Appendix 1). These preferences were then aggregated for group decision-
making applying the geometric mean, Table 6.

The outcomes of deriving the priority weights of valuation criteria following aggregating DMs’ preferences
to arrive at a group consensus on the relative significance of decision-making problem components towards the
SPJ, including the conclusions of the consistency test are displayed in Table 7.

In the context of the overall significance of evaluation criteria, Table 7highlights that the demographic
criterion (EC1) has the most impact on the SPI, with an overall weight of 20.38%. The water consumption-
wastewater production criterion (EC2) follows in second with a priority weight of 16.76%, followed by the
likelihood for wastewater reuse (EC3), which is assigned a priority weight of 15.40%. Environmental factors and
risks associated with pollution (EC4) having a priority weight of 12.84%, while utilities’ competence to manage
sanitation services (EC5) possesses a priority weight of 11.50%. Industrial wastes risk (EC6) is prioritized at
8.72%. The socio-economic context (EC7), geographical-related constraints (EC8), and license constraints
(EC9) were each assigned less consideration, with marginal ratings of 5.10%, 4.51%, and 4.8%, respectively. The

Community # Code EC1 EC2 | EC3 EC4 EC5 EC6 | EC7 | EC8 | EC9
Community # 1 | Silat Al-Harithia 17,236 | 111 | High High Medium | 3 31% | 62.5% | A
Community #2 | Al Yamun 31,943 |77 | High Low High 7 32% | 85.0% | A
Community # 3 | Kafr Dan 10,565 |57 | High Medium | Low 1 32% | >95% | A
Community # 4 | Deir Abu Da’if 12,681 |66 | High High Low 1 35% | >95% | A
Community #5 | Birgin 10,555 |78 | Medium | Low Medium |3 36% | 85.0% | A
Community #6 | Yabad 24,229 |54 | Medium | Medium | High 2 32% | 62.5% | C
Community # 7 | Qabatiya 36,465 | 68 High High High 68 26% | >95% | A
Community # 8 | Arraba 18,452 | 64 High Low High 8 31% | <50% | B
Community #9 | Kafr Rai 12,967 |72 Low Medium | Medium | 6 31% | 62.5% | A
Community # 10 | Meithalun 13,825 |58 Medium | High Medium | 4 33% | >95% | A
Community # 11 | Jaba’ 16,222 |64 Medium | High Medium | 3 28% | 85.0% | A
Community # 12 | El Fara Camp 11,896 |45 | High High Low 0 35% | >95% | A
Community # 13 | Tammun 24,642 82 Low Low Medium | 5 34% | 62.5% | A
Community # 14 | Qaffin 15,398 |85 | Medium | Low Medium |5 30% | >95% | B
Community # 15 | Der Al Ghusun 12,123 |96 | High Low Medium |5 34% | 62.5% | B
Community # 16 | Bal'a 10,614 | 76 Low Medium | Medium | 3 31% | 85.0% | B
Community # 17 | Asira Al-Shamaliya | 14,310 |65 | Low High Medium | 3 36% | 62.5% | A
Community # 18 | Awarta 10,500 |83 | Medium | Low Medium | 4 32% | 62.5% | C
Community # 19 | Huwarra 10,237 66 Low Low Medium | 4 30% | >95% | B
Community # 20 | Beita 19,734 |56 | Low Medium | Medium | 3 31% | >95% | B
Community # 21 | Jammain 14,870 |62 | Low High Medium |1 30% | 62.5% | B
Community # 22 | Aqraba 17,693 | 106 | Low High Medium | 4 30% | 62.5% | B
Community # 23 | Qabalan 13,827 |33 Low High Medium | 4 31% | >95% | A
Community # 24 | Yatta 113,456 | 30 | Low Medium | High 11 29% | 62.5% | A
Community # 25 | Al Dhahiryia 63,239 | 55 Medium | Low High 10 32% | <50% | A

Table 5. Field data on the evaluation criteria contributing to the SPI in 25 Palestinian communities based in
the West Bank.
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EC1 EC2 EC3 EC4 EC5 EC6 EC7 EC8 EC9

EC1 | (1,1, 1) (1.6,2.4,3.0) | (3.0,52,7.2) | (1.2,2.7,3.9) | (1.8,3.3,44) | (12,2.0,3.2) | (2.3,3.7,47) | (1.5,3.0,4.1) | (1.9,4.2,6.3)
EC2 | (0.3,0.4,0.6) | (1,1,1) (1.9,3.2,5.2) | (1.9,2.6,3.2) | (1.9,2.7,33) | (12,23,32) | (1.7,3.2,44) | (1.9,3.3,44) | (1.6,2.8,4.7)
EC3 | (0.1,0.2,0.3) [(0.2,0.3,0.5) | (1,1,1) (0.9,1.4,2.0) | (2.8,4.2,52) | (17,3.0,49) | (1.6,3.7,5.7) | (1.6,2.7,3.7) | (2.1,3.2,4.2)
EC4 | (0.3,0.4,0.8) [ (0.3,0.4,0.5) | (0.5,0.7,1.1) | (1,1,1) (1.5,2.0,2.7) | (14,2.9,4.1) | (1.9,34,4.6) | (2.1,35,47) | (L.1,1.9,3.0)
EC5 | (0.2,0.3,0.5) | (0.3,0.4,0.5) | (0.2,0.2,0.4) | (0.4,0.5,0.7) | (1, 1,1) (1.3,2.4,3.7) | (1.3,1.6,1.9) | (24,4.7,6.8) | (19,33, 4.4)
EC6 | (0.3,0.5,0.8) | (0.3,0.4,0.8) | (0.2,0.3,0.6) | (0.2,04,0.7) | (0.3,0.4,0.8) | (1,1,1) (1.7,3.2,44) | (1.7,3.0,4.9) | (0.9,1.1,1.2)
EC7 | (0.2,0.3,0.4) | (0.2,0.3,0.6) | (0.2,0.3,0.6) | (0.2,0.3,0.5) | (0.5,0.6,0.8) | (0.2,0.3,0.6) | (1,1,1) (0.9,1.7,2.8) | (0.6,0.9,1.3)
EC8 | (0.2,0.3,0.7) | (0.2,0.3,0.5) | (0.3,0.4,0.6) | (0.2,0.3,0.5) | (0.5,0.2,0.4) | (0.2,0.3,0.6) | (0.4,0.6, 1.1) | (1,1,1) (1.0,1.5,2.3)
ECY9 | (0.2,0.2,0.5) | (0.2,0.4,0.6) | (0.2,0.3,0.5) | (0.3,0.5,0.9) | (0.2,0.3,0.5) | (0.8,0.9,1.1) | (0.8, 1.1, 1.7) | (0.4,0.7,1.0) | (1,1, 1)

Table 6. Aggregation of decision makers’ preferences applying the geometric mean technique for SPI
evaluation criteria.

Derivation of priority weights for evaluation criteria Consistency outputs

Criteria RNSi gl w, W-priority weights (%) | n

CI |RI |CR

A maaw

1 m u 1 m u
EC1 15.51 | 27.45 | 37.70 | 0.10 | 0.22 | 0.37 | 0.23 | 20.38
EC2 13.46 | 21.47 | 29.95 | 0.08 | 0.17 | 0.31 | 0.19 | 16.76
EC3 12.01 | 19.61 | 27.63 | 0.07 | 0.16 | 0.29 | 0.17 | 15.40
EC4 10.06 | 16.15 | 22.47 | 0.06 | 0.13 | 0.25 | 0.15 | 12.84
EC5 898 |14.36 | 19.93 | 0.05 | 0.11 | 0.22 | 0.13 | 11.50
ECé6 6.73 | 10.26 | 15.24 | 0.04 | 0.08 | 0.17 | 0.10 | 8.72
EC7 4.06 |5.73 8.67 |0.02 |0.05 | 0.10 | 0.06 | 5.10
EC8 3.66 |4.88 |7.71 |0.02|0.04 |0.09 |0.05 |4.51
EC9 4.17 | 547 |7.86 |0.02 |0.04 |0.10 | 0.05 | 4.80

9 1103 0.16 | 1.45 | 11.2

Table 7. Priority weights of evaluation criteria contributing to SPI in group decision making with consistency
test outputs.

CR for the comparison matrix of evaluation criteria shows a value slightly over the 10.0% threshold, at 11.2%. In
practice, whenever experts assess the decision-making problem with confidence, adopting a matrix with a CR
value higher than 10.0% is legitimate®2-84,

Application of FSET to derive the SPI values for a group of communities

The deployment of FSET requires transforming field data for every scrutinized community into its corresponding
fuzzy set. The outcomes are subsequently multiplied by the evaluation criteria weights matrix. It is followed
by defuzzification the resulted SPI/community. Figure 4 demonstrates a practical application of the developed
model, displaying the development of the SPI for a particular community from a set of researched communities.
Figure 5 illustrates the SPI values for all 25 evaluated communities. Out of the 25 communities researched,
five achieved SPI values surpassing 60%. Eleven communities had SPI values between 50% and 60%, while 9
recorded SPI values between 40% and 50%.

Application of sensitivity analysis

The sensitivity analysis outcomes, Fig. 6, exhibit 36 conditions of mutual exchange over evaluation criteria, aside
from the initial condition, at every community level (Table A3, Appendix 1). When analyzing the rankings of
communities relying on the pertaining SPI values in the initial condition to the rankings following the sensitivity
analysis (based on SPI median values), 16 of the 25 being investigated communities sustained their rankings.
These communities are Community # 7 -Qabatiya, Community # 1 - Silat Al-Harithia, Community # 4 - Deir
Abu D2if, Community # 2 - Al Yamun, Community # 11 -Jaba, Community # 10 -Meithalun, Community #
22 -Aqraba, Community # 3 - Kafr Dan, Community # 15 -Der Al Ghusun, Community # 25 -Al Dhahiryia,
Community # 14 -Qaffin, Community # 9 -Kafr RaT, Community # 24 - Yatta, Community # 16 -Bal'a, Community
# 18 -Awarta, and Community # 19 -Huwarra. However, 9 communities failed to maintain their rankings in the
sensitivity analysis as in the initial condition, including Community # 12 -El Far’a Camp, Community # 17 - Asira
Al-Shamaliya, Community # 8 -Arraba, Community # 21 -Jammain, Community # 6 -Yabad, Community # 5
-Birqin, Community # 23 -Qabalan, Community # 20 -Beita, and Community # 13 -Tammun. Despite these
adjustments, communities exhibited ranking alterations in the sensitivity analysis maintained in the same
category, implying only slight changes in their SPI values. The simple fact that communities exhibiting the
highest and lowest SPI values in the initial condition sustained their ranks following the sensitivity analysis
highlights the robustness of the findings.
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Fig. 4. Tlustration of SPI computation for a specified community.

The RMSE computations, displayed in Fig. 7, affirmed the findings of the sensitivity analysis. The RMSE
values were extremely minimal, spanning from 0.014 in Community # 10 -Meithalun to 0.25 in Community #
13 -Tammun. The Spearman Rank Correlation Coefficient (R) computations reveal a near-perfect correlation
between SPI values in initial condition and those via the sensitivity analysis application, with R=0.991 (Table
A4, Appendix 1).

Model’s applicability and ethical implications

The model’s adaptability to both developed and developing regions can be achieved with several considerations.
While the core framework of the developed model remains applicable, some adjustments may be necessary to
account for differences in socio-economic standing, governance systems, licensing concerns, and environmental
issues across regions. In developed regions, the model may require less emphasis on dependence on external
support and a more focus on technological innovations and infrastructure advancements. Conversely, for
developing regions, the model should keep emphasis on resource constraints; however, adjustments in data
collection strategies may be necessary, specifically regarding the quality and availability of socio-economic and
environmental data. Although the model is built on rigorous criteria aimed at optimizing sanitation services
and proving inclusivity, transparency, and robustness by considering an array of socio-economic, technical, and
environmental aspects, we acknowledge that regions that are not prioritized for swift sanitation developments
may feel marginalized, possibly impacting inclusion and social equity. To tackle this challenge, decentralized
wastewater treatment options for low-priority or remote settings are necessary to guarantee that no community
is completely excluded from acquiring essential services. Likewise, we advocate revising the prioritization
methodology frequently in response to alterations in community needs, environmental surroundings, and
socio-economic alterations, thereby ensuring ultimate equity. In doing so, the developed model can be deployed
as a component of an adaptable management strategy advancing equitable and sustainable service allocation.

Conclusions
This study presents a two-stage model utilizing FAHP and FSET to support decision-making in identifying and
prioritizing communities in need of sanitation services under conditions of uncertainty. The FAHP technique
weighs an array of evaluation criteria, considering the local conditions and preferences of different stakeholders.
The FSET handles data sets associated with evaluation criteria at the community level, transforming the data and
FAHP weights into an index designated as SPI, ranging from 0 to 100%. This index serves to classify and rank
communities relative to their critical need for sanitation services. It was successful in broadening the scope of
the decision-making problem beyond the economic domain by incorporating overall sustainability dimensions.
This methodology’s potential is demonstrated by its capacity to account for distinct stakeholder groups’ concerns
and preferences. It can incorporate human and subjective assessments of multiple components of the decision-
making problem. Stakeholder engagement was considered in two stages. First, figure out the components
and evaluation criteria for the decision-making problem structure during the formulation phase. Second,
stakeholders were tasked with deciding on the relevance and significance of evaluation criteria. The proposed
model’s applicability was examined in a set of distinct communities in a developing country, all of which lacked
sanitation services. The predictions of the model were reliable, with the conventional and sensitivity analysis
procedures coinciding almost completely on the stability of ordering the investigated communities according to
the associated SPI values.

Introducing more expert insights could significantly boost the model’s reliability. Likewise, incorporating
other factors, including cost considerations, will likely improve performance. A further area of interest is
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Fig. 5. SPI values for 25 searched communities.

the level of membership functions. Expanding the categories of these functions (e.g., very low, low, medium,
high, and very high) can boost the model’s potential to recognize distinct communities in a more precise and
comprehensive setting.

In conclusion, the developed model holds the potential to support governmental and planning bodies in
identifying and prioritizing localities in need of sanitation facilities on a national level in a more accountable
and transparent manner while simultaneously considering technical, social, economic, and environmental
constraints. The implications of introducing the present model into responsible authorities’ strategic plans
embrace a better comprehension of sanitation sector demands, the advancement of well-structured and reliable
databases, and the fostering of group decision-making for participatory and intelligent decisions in the wider
context of water and wastewater management. Moreover, the model stimulated integrated water resources
management (IWRM) strategies with coordinated institutional partnerships. The developed model can be
relevant to other international scenarios displaying similar characteristics.
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