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Abstract

The necessity of utilizing unconventional water resources and wastewater has emerged
today as an unavoidable imperative, particularly in Iran. The limitations of water resources
have directed researchers’ attention toward the rational use of unconventional waters, such
as wastewater. The overall aim of the present study is the optimal utilization of wastewater
in the cultivation of non-fruit-bearing trees, industry, and eco-park applications, leveraging
sustainable development indicators. In the present study, to achieve the objectives and
prioritize the use of wastewater (in tree cultivation, eco-park development, or industrial
applications), the fuzzy Shannon entropy method was employed to determine the impor-
tance of evaluation criteria, and the Fuzzy Additive Ratio Assessment (ARAS) method
was used for assessing and prioritizing the options. Given the presence of uncertainty
in experts” opinions, fuzzy concepts and theory were utilized to reflect this uncertainty
in the process of evaluating the options. An integrated fuzzy Shannon Entropy—ARAS
framework is proposed to evaluate and prioritize wastewater reuse alternatives under
sustainability criteria. In order to identify the evaluation criteria, relevant literature and
previous studies were reviewed, and a questionnaire was designed and distributed among
experts. To identify and prioritize the influential criteria, the snowball sampling technique
was employed. During the implementation of this technique, 10 out of the initial 20 criteria
were excluded, and ultimately, 10 key and impactful criteria were selected. The results
of implementing the fuzzy Shannon entropy and fuzzy ARAS methods revealed that the
optimal use of treated wastewater in the Shahrkord plain should initially focus on non-
fruit-bearing trees. The second priority for utilizing treated wastewater in the Shahrkord
plain is for the construction of eco-parks, while the third priority is its use in industry.

Keywords: wastewater; sustainable development; non-fruit-bearing trees; Shahr-e Kord;
industry; eco-park application; fuzzy ARAS
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1. Introduction

Excessive use of water resources leads to various problems; however, wastewater reuse
presents a solution to address these issues. Improper use of wastewater causes unstable
crop production, environmental damage, lowering of the groundwater table, and mixing
of salty and fresh water in coastal areas. In integrated water use, water needs are met by
two sources: surface and groundwater [1,2]. Iran is a dry country where its precipitation is
less than one-third of the global average rainfall. According to studies by the Meteorological
Organization, Iran is currently among the countries facing water stress, and the severity of
this stress increases each year. Based on international standards, cities with a per capita
water share between 1000 and 1700 cubic meters per year are considered water-stressed,
while those with less than 1000 cubic meters per year are classified as water-scarce.

The reuse of treated wastewater, especially in developing countries with limited fresh-
water resources, is on the rise. It has been well established that inadequate treatment
and poor management of wastewater lead to public health issues through the spread of
infectious diseases. The need for integrated management becomes more evident when
the environmental quality of consumed water differs across sectors, and the amount of
waste and wastewater generated in each sector also varies. Therefore, disposal, treatment,
recovery, and reuse methods differ depending on the types of needs, as well as economic,
social, and environmental aspects [3]. Integrated water resources management aims to
ensure the sustainable use of water resources. Integrated water resources management
is the only comprehensive solution for actions such as reducing traditional water con-
sumption, imposing restrictions on the quantity and environmental quality of consumed
water, and making changes in population and production patterns to achieve sustainable
development [4].

The reuse of treated wastewater and its distribution through urban networks—particularly
for green space irrigation and industrial purposes—began in the United States in 1928. In
countries such as Japan, the Arab states of the Persian Gulf, and Brazil, which face water
scarcity, the reuse of wastewater for urban and agricultural purposes is increasing day by
day [5]. The use of untreated wastewater in agriculture poses serious risks, threatening the
health of consumers of these products. Additionally, urban wastewater can contain various
chemical and biological contaminants, and in many low-income countries, the pollution
levels in human wastewater have been reported to be very high. Considering the impending
water crisis, the management of water resources is essential. With the increasing global
challenges associated with water scarcity and the growing complexity of sustainable water
resources management, decision-making in water allocation and reuse requires systematic
and multi-criteria approaches. In such contexts, water management problems typically
involve multiple, and often conflicting, criteria, including environmental, economic, social,
and technical dimensions. Therefore, multi-criteria decision-making methods have been
widely recognized as effective tools for simultaneously handling these diverse criteria and
addressing uncertainty in complex environmental decision problems. One of the tools for
sustainable water resource management is the use of urban and agricultural wastewater
for industry, the establishment of eco-parks, and the cultivation of timber-producing (non-
fruit-bearing) trees, which is the main focus of the present study [6].

The aim of this study is to propose optimal scenarios for wastewater management in
the cultivation of timber trees, eco-park applications, and industrial uses with a focus on
sustainable development. The use of wastewater for irrigation of green spaces, agriculture,
and industry as a supplementary water resource can help mitigate the water scarcity
crisis. The wastewater entering the Shahrekord region is subject to quality degradation
mainly due to anthropogenic pressures, particularly agricultural runoff and industrial
discharges. Based on regional water quality monitoring reports, the dominant pollutants
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include elevated biochemical oxygen demand (BOD) and chemical oxygen demand (COD),
increased concentrations of nitrogen and phosphorus compounds, and higher levels of
suspended solids, along with trace industrial contaminants. This pollution profile indicates
a moderate to high organic and nutrient load, which directly affects the suitability of
treated wastewater for different reuse applications. Therefore, the selection of wastewater
reuse scenarios in this study (ecological park development, industrial use, and timber tree
cultivation) is directly aligned with the physicochemical characteristics of the available
effluent and regional environmental capacity. Therefore, evaluating the potential scenarios
for utilizing this wastewater, considering both technical and economic aspects, is essential.
To analyze the scenarios for wastewater use, snowball sampling, fuzzy Shannon entropy,
and fuzzy ARAS methods were employed. Fuzzy Shannon Entropy was selected due to its
capability to generate objective weights based on information entropy, reducing subjectivity
in comparison with methods such as AHP and Best-Worst Method. Fuzzy ARAS was
chosen for its efficiency and robustness in ranking alternatives under uncertainty, compared
with commonly used MCDM methods including TOPSIS, VIKOR, and PROMETHEE.
Initially, snowball sampling was used to collect data and expert opinions. Then, to assess
the criteria, fuzzy Shannon entropy was applied to reduce uncertainties and determine the
significance of the criteria more accurately. Finally, using fuzzy ARAS, different wastewater
scenarios were modeled and prioritized. These methods, particularly in complex and
uncertain conditions, helped make optimal decisions. There are several advantages of
applying the fuzzy Shannon entropy method to derive weights of criteria: (a) Objective
weighting: Weights are calculated based on the data distribution without relying on expert
opinions. (b) Uncertainty management: It is capable of quantifying uncertainties and
supporting decision-making in complex and ambiguous conditions. (c) Computational
efficiency: Due to simpler calculations, optimization is performed faster and with minimal
complexity [7]. Furthermore, applying fuzzy ARAS to prioritize scenarios has several
advantages, such as: (a) Simple ranking: Using aggregated utility functions, alternatives
are ranked easily and efficiently. (b) Multi-criteria evaluation: The ability to simultaneously
assess multiple criteria for balanced decision-making. (c) Flexibility: The ability to integrate
with other multi-criteria decision-making (MCDM) methods [7].

Although Dehkordi et al. [7] developed an integrated fuzzy Shannon Entropy—fuzzy
ARAS model for risk-based evaluation of water resource management scenarios in the
same region, the present study extends this methodological line by moving beyond risk-
oriented ranking toward structured decision-support architecture for sustainability-driven
wastewater reuse planning. In particular, the contribution of the current study is not
limited to methodological reuse, but lies in redefining the decision problem at the system
level, where wastewater reuse alternatives are evaluated as integrated socio-environmental
planning options rather than isolated risk scenarios. Furthermore, the study enriches the
evaluation logic by embedding a multi-dimensional sustainability structure (environmental,
social, economic, and technical dimensions) and reinforcing the model with Delphi-based
expert consensus, thereby improving interpretability, robustness, and policy applicability
under uncertainty.

The selection of timber tree cultivation, ecological park development, and industrial
reuse scenarios is based on regional land-use priorities, effluent quality compatibility,
sectoral water demand requirements, and the semi-arid climatic constraints of the study
area. These alternatives were selected as the most feasible and practically implementable
options for treated wastewater reuse compared to other agricultural uses with higher water
quality demands.

The main research questions of this study are: (i) which wastewater reuse scenario
(timber tree cultivation, ecological park development, or industrial use) is most sustainable
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under regional conditions; (ii) how different environmental, economic, social, and technical
criteria influence the prioritization of these scenarios; and (iii) how the fuzzy Shannon
Entropy—fuzzy ARAS framework can support robust decision-making under uncertainty
in wastewater reuse planning.

The remaining structure of the paper is as follows: Section 2 is devoted to the the-
oretical foundations and literature review. Section 3 explains the conceptual framework
of the study and the study area, and extracts the risk and sustainability indicators used
to evaluate wastewater scenarios. Section 4 provides a detailed explanation of the fuzzy
Shannon entropy and fuzzy ARAS methods. Section 5 presents the implementation of these
methods to evaluate wastewater scenarios and discusses the results. Finally, Section 6 is
dedicated to the summary and conclusions.

2. Theoretical Foundations and Literature Review

Water is one of the most important and valuable resources for mankind, animals
and plants. Without water, no life can exist on the planet. In 2010, the United Nations
General Assembly recognized access to clean water and sanitation as a human right [8].
In their Agenda 2030, the global community has set 17 ambitious goals—the Sustainable
Development Goals (SDGs). One of them is goal number 6—Ensure access to water and
sanitation for all [9]. Also, the European Union (EU), as a part of its Green Deal, consistently
implements both the zero-pollution policy agreed in the Green Deal and the polluter-pays
principle for water management. As one of the means, the EU Wastewater Directive
(revised in 2024) establishes EU-wide rules for the collection, treatment, and discharge
of wastewater to protect the environment. The directive provides more comprehensive
treatment, particularly the removal of micropollutants, nutrients (nitrogen and phosphorus),
and improved stormwater management. In the future, wastewater treatment plants are
also intended to contribute to energy neutrality, and the costs of removing micropollutants
are to be passed on to the polluters to a greater extent [10].

Worldwide, there is an increasing water need as a result of fast population growth,
urbanization and growing water demands from industry, agriculture, and energy sectors [9].
In 2022, 2.2 billion people did not have safe access to clean drinking water and 3.5 billion
people had no access to adequate sanitation in 2022 [11]. Nevertheless, the proportion of
the population with a safely managed drinking water supply increased from 69% to 73%
between 2015 and 2022 [11].

Despite some advances, progress in water and sanitation remains insufficient. Wastew-
ater treatment can be used to combat water scarcity. The treated wastewater can either
be used directly to supply drinking water or to recharge groundwater and reservoirs to
increase the overall amount of drinking water. However, wastewater treatment worldwide
must be increased to protect this valuable resource. According to reports from 140 countries
and territories, only 58% of household wastewater was safely treated. Far fewer countries
reported industrial wastewater generation or treatment [11].

Global water use efficiency [12] between 2015 and 2021 increased by around 19% across
all economic sectors, with the largest increase in agriculture at 36%, followed by industry
at 31% and the service sector at 6.3% [11]. However, there is a great variety resulting from
the country’s economic structure and the sectoral distribution of water.

Although global water use efficiency has improved, it remains below the global aver-
age in more than half of all countries, with considerable regional disparities [11]. In addition
to infrastructure modernization and improved irrigation, wastewater reuse has become
an important strategy for enhancing water use efficiency. Pochiraju et al. [13] identified
five key drivers for advancing water reuse: sustainability and resilience, innovation and
the circular economy, finance and affordability, integrated water governance, and equity
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and community engagement. Supporting these priorities, various studies have proposed
tools and approaches for risk management, wastewater quality control, contamination
assessment, and water distribution optimization [14-17].

Wastewater reuse has emerged as a sustainable solution to address growing water
scarcity, providing significant environmental and economic benefits, particularly in agri-
culture and industry. In agriculture, treated wastewater serves as an alternative irrigation
source while recycling valuable nutrients, whereas in industry it reduces freshwater de-
mand, lowers operational costs, and supports sustainable production. Overall, wastewater
reuse promotes resource efficiency, environmental protection, and long-term water secu-
rity [18]. Asano [18] presented wastewater as a reliable and renewable water source and
reviewed major reuse categories, regulatory considerations, and multi-barrier treatment
strategies to support safe and sustainable integrated water resources management.

Amerasinghe et al. [19] demonstrated that treated wastewater can effectively support
agricultural irrigation when crop water requirements and environmental conditions are
considered. Similarly, Gu et al. [20] confirmed that treated wastewater met WHO standards
for irrigation after adequate treatment, while Wilson et al. [21] reported its suitability for
irrigating green spaces under appropriate environmental conditions.

Sgroi et al. [22] discussed the technical feasibility and sustainability of wastewater
reuse within a circular economy framework, emphasizing water, nutrient, and energy re-
covery. The study highlighted that successful and cost-effective reuse depends on selecting
appropriate treatment technologies while considering local needs and regulatory frame-
works. Bradshaw et al. [23] presented modeling approaches for groundwater recharge
using recycled water, supporting the design and evaluation of wastewater reuse projects.

Morris et al. [24] conducted a systematic review identifying policy, economic, so-
cial, and technological barriers to wastewater reuse and proposed recommendations for
their implementation. Kesari et al. [25] highlighted wastewater reuse as a sustainable
response to water scarcity, emphasizing its benefits for resource recovery alongside the
need for effective treatment, monitoring, and regulatory frameworks to address health risks.
Narayanamoorthy et al. [26] proposed an integrated fuzzy multi-criteria decision-making
approach for selecting wastewater treatment technologies, demonstrating its effectiveness
in supporting sustainable decision-making and promoting energy recovery.

Al Nasir et al. [27] applied fuzzy multi-criteria decision-making methods to identify
the most suitable urban wastewater treatment technology based on criteria such as cost,
treatment efficiency, energy consumption, and reliability, providing decision support for
sustainable urban wastewater management. Dehkordi et al. [7] integrated fuzzy Shan-
non entropy and fuzzy ARAS to evaluate water resource management strategies under
uncertainty, demonstrating that changes in cropping patterns had the greatest impact on
water conservation. Han Fang et al. [28] evaluated water management strategies using
TOPSIS and fuzzy TOPSIS, showing that fuzzy TOPSIS effectively addresses uncertainty
in sustainability assessments. Similarly, Sezer and Durna Piskin [29] developed a fuzzy
multi-criteria decision support system for wastewater treatment technology selection, iden-
tifying electrocoagulation as the preferred alternative due to its high efficiency and low
energy consumption.

Fuzzy MCDM methods such as fuzzy TOPSIS, fuzzy VIKOR, fuzzy AHP, and fuzzy
ARAS are widely used in water and wastewater management, but each has limitations
regarding uncertainty handling, ranking stability, or dependence on subjective weights. In
contrast, entropy-based methods (e.g., Shannon entropy) provide an objective criterion for
weighting by measuring information dispersion. Therefore, integrating Fuzzy Shannon
Entropy with Fuzzy ARAS improves decision robustness by combining objective weighting
with stable ranking under uncertainty.
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The existing literature on water resource management and wastewater reuse can be
categorized into three main research streams, including global water scarcity and policy
frameworks, technical and environmental aspects of wastewater reuse, and multi-criteria
decision-making approaches under uncertainty.

The literature review conducted in this study follows a narrative (thematic) approach
rather than a systematic review protocol. Relevant studies were identified based on
their relevance to wastewater reuse, sustainability indicators, and multi-criteria decision-
making methods.

In recent years, water resource management and wastewater reuse have increasingly
been supported by smart sanitation systems and digital water technologies. These systems
integrate real-time monitoring, sensor networks, and data-driven analytics to improve the
efficiency and reliability of water quality assessment and infrastructure operation. The
application of digital tools, including IoT-based monitoring and intelligent control systems,
enables continuous tracking of key water quality parameters and supports more responsive
and adaptive decision-making processes. In this context, decision-support frameworks
for water reuse are progressively evolving toward data-enhanced and technology-enabled
approaches, where advanced monitoring systems complement traditional MCDM methods
to improve robustness under uncertainty.

Although wastewater reuse has been widely studied, previous research has not sys-
tematically incorporated sustainability indicators into the evaluation of reuse options.
Most studies focus on technical efficiency or environmental risks, while comprehen-
sive sustainability-based assessments—covering environmental, economic, and social
dimensions—are largely missing. Moreover, no study has applied such sustainability
criteria to wastewater reuse for non-fruit-bearing trees, industrial uses, or eco-park de-
velopment. This gap underscores the need for a structured decision-making framework
grounded in sustainability indicators.

Recent studies have increasingly applied the ARAS method in environmental manage-
ment. For example, Polat [30] used the fuzzy ARAS method to classify the environmental
significance levels of production-oriented operational activities, while Karagoz et al. [31]
employed an interval type-2 fuzzy ARAS framework to evaluate recycling facility location
alternatives under sustainability criteria. These applications demonstrate the growing
relevance of ARAS in sustainability-oriented decision-making.

The 20 criteria used in this study were directly derived from the main themes identified
in the literature review. Environmental and resource-efficiency criteria stem from global
water sustainability studies, technical criteria from research on wastewater treatment and
reuse technologies, and economic and social criteria from recent MCDM-based evaluations.
Thus, the selected criteria reflect a concise synthesis of the most frequently emphasized
sustainability factors in prior research.

A comparison of previous studies with the present research shows that, to date,
no study has addressed the optimal use of wastewater in the cultivation of non-fruit-
bearing trees, industry, and eco-park applications by leveraging sustainable development
indicators. Therefore, this study can be considered pioneering in this field. To analyze
and evaluate various options related to wastewater reuse in this context, two reliable
methods—fuzzy Shannon entropy and fuzzy ARAS—will be employed. By combining
these methods, the present study not only analyzes the optimal use of wastewater but
also adopts a transparent and systematic approach to selecting the best strategies for
achieving sustainable development goals. This integration can serve as an efficient model
for managing water and waste resources in various industries, especially in water-scarce
regions. A summary of the most relevant previous studies on wastewater reuse and the
MCDM methods applied in this field is presented in Table 1.

https:/ /doi.org/10.3390/app16136810


https://doi.org/10.3390/app16136810

Appl. Sci. 2026, 16, 6810 7 of 26
Table 1. Summary of key studies on wastewater reuse and MCDM methods.
Author (Year) Application Methodology Crlferla Main Findings Limitations
Area Considered
Wastewater Conceptual Wate.r quality, Reuse is viable Limited
reuse . public health, under ..
Asano [18] . framework + risk . . decision-model
(agriculture, treatment multi-barrier
; management . focus
industry) barriers systems
Amerasinghe Agricultural Feasibility Crop demand, Reuse must be No formal
o . environmental . MCDM
etal. [19] irrigation analysis : crop-specific
quality framework
. Circular water Techno.— Cost, energy, Supports circular Limited social
Sgroi et al. [22] economic resource economy ..
economy I, indicators
assessment recovery transition
. Global reuse Systematic Policy, technical, . Identlﬁed. No quantitative
Morris et al. [24] . . . . implementation A
projects review social barriers barri prioritization
arriers
. Water resource Fuzzy Shannon Agricultural, Scenario ranking  Risk-based, not
Dehkordi et al. ; . S
7] management Entropy + Fuzzy industrial, under sustainability-
(Iran) ARAS domestic uncertainty oriented
. Wastewater Cost, efficiency, Improved . L1m1t.ed
Al Nasir et al. integration of
treatment Fuzzy MCDM energy, technology R
[27] . . i sustainability
selection environment selection ) .
dimensions

3. Case Study and Conceptual Framework

Shahrekord County, located in Chaharmahal and Bakhtiari Province in western Iran,
is a key area for water resource management due to its abundant water resources and
diverse climatic conditions. This province, home to important rivers such as the Karun
and Zayandeh Rud, and characterized by unique geographical features like the Zagros
mountain range and vast plains, is recognized as one of the country’s water-rich regions.
However, due to climate change, decreased precipitation, and population growth, sig-
nificant pressure has been placed on the water resources of this area. One of the critical
solutions to address the existing challenges is the use of wastewater. As an additional
and indispensable resource in this province, wastewater can be utilized across various
agricultural, industrial, and urban sectors, playing a significant role in reducing pressure
on natural water resources. In this study, three scenarios for the use of wastewater in
Chaharmahal and Bakhtiari Province have been designed. The wastewater considered in
this study consists of treated municipal wastewater generated by the Shahrekord wastew-
ater treatment plant, which serves the urban population of Shahrekord County. These
scenarios are based on the specific geographical, climatic, and economic characteristics of
the province and are described as follows:

e Use of wastewater in the cultivation of non-fruit-bearing trees (A1l): Considering
the province’s climatic diversity and the presence of arid and semi-arid areas, using
wastewater for the cultivation of non-fruit-bearing trees can be an appropriate solution.
Due to their low water requirements, non-fruit-bearing trees are suitable candidates for
wastewater use in the province’s water-scarce regions. These trees can be planted along
riverbanks and plains, where, besides preventing soil erosion, they serve as sustainable
vegetation cover that helps maintain ecological balance. Utilizing wastewater in
this sector reduces pressure on water resources and promotes the optimal use of
wastewater to enhance vegetation cover.
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e  Establishment of natural park ecosystems (Eco-park A2): An ecological park is a
water-efficient green space designed for arid and semi-arid regions, composed of
drought-resistant vegetation and irrigated mainly with treated wastewater to reduce
pressure on freshwater resources while improving urban environmental quality. Given
urban growth and the need for green spaces, the use of wastewater in the development
of eco-parks is another proposed scenario. Wastewater can be used to irrigate plants
and trees in these parks, especially in areas with limited water resources, thereby
helping to reduce pressure on drinking and agricultural water supplies. Moreover, the
creation of natural parks and urban ecosystems can improve air quality in cities and
increase the per capita green space in the province. This initiative can lead to better
public health and enhanced quality of life in urban areas.

Use of wastewater in the province’s industries (A3): The use of wastewater in various
industries in the province, especially in the food, textile, and steel sectors, can be effective
in reducing the consumption of natural water resources and improving the efficiency of
these industries. This scenario can be a suitable option for preserving water resources
and meeting industrial needs, particularly when natural water supplies are limited. Large
industries in the province can significantly reduce their water consumption by employing
water recycling technologies and reusing wastewater, utilizing these resources for indirect
production processes. The typical water demand ranges are approximately 20-80 m3/ton
for steel-related processes (depending on recycling rate), 100-200 m>/ton for textile in-
dustries, and 3-10 m?/ton for food processing, depending on the level of processing and
technology employed.

The selection of the three scenarios is based on regional land-use conditions, water
scarcity, and industrial demand in Shahrekord County. Non-fruit trees and eco-parks were
selected due to their suitability for marginal lands and low water requirements, while
industrial reuse reflects local water-intensive industrial activities. Other options such as
aquifer recharge and large-scale agricultural irrigation were excluded due to hydroge-
ological limitations, regulatory constraints, and competition with existing agricultural
water demands.

A spatial analysis of the study area—considering the presence of natural resource
lands (suitable for cultivating timber-producing trees or shrubs), the industrial hubs of
Shahr-e Kord and Bahramabad (which face water shortages), and the potential of the
Shah-Nazar eco-park—indicates that the use of treated wastewater in the region is feasible.
To better illustrate the spatial characteristics of the study area and the basis of the proposed
wastewater reuse alternatives, a location map of Shahrekord County is presented in Figure 1.
The map identifies the main industrial centers, natural resource lands suitable for non-
fruit-bearing tree cultivation, the proposed Shah-Nazar eco-park area, and the existing
wastewater treatment infrastructure considered in the spatial analysis.

The main objective of the present study is the optimal use of treated wastewater
in the study area for non-fruit-bearing tree cultivation, industrial applications, and eco-
park development, based on sustainable development indicators. The selected indicators,
derived from the literature review and relevant sources, are summarized in Figure 2.

In this study, 20 criteria were identified across social, economic, and environmental
domains. By applying the snowball technique, as described in Section 5, 10 of these criteria
were selected as the main indicators for prioritizing the options. The sources related to
these 10 criteria are presented in Table 2.
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Table 2. Sustainable criteria for optimal wastewater reuse.
Dimension Criterion Reference/Source Key Point
Wastewater can be a valuable
1 . UNESCO [32]. WWDR:
Biodiversity & source of water, energy, and
. . Wastewater—The . .
environmental protection nutrients while
Untapped Resource. .
Environmental protecting ecosystems.
Wastewater is part of the
UN-Water [33]. Wastewater and circular economy and can
Resource use . .
Circular Economy. replace limited
natural resources.
Garcia & Pargament [34]. . . .
. . . . & [ ] Necessity of evaluating social
Social Justice/Equity Indicators for assessing

wastewater reuse sustainability.

justice in wastewater reuse.
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Table 2. Cont.

Dimension Criterion Reference/Source Key Point
. S OECD [35]. Water Governance Stakeho.lc!er a.nd community
Public participation . participation as a key
Indicator Framework. .3
governance indicator.
' Oroanizational OECD [35]. Implementing the  Clarity of roles and institutional
Social & L OECD Principles on recognition for
recognition .
Water Governance. wastewater projects.
WHO [36]. Guidelines for the Safe use of wastewater ensures
Quality of life Safe Use of Wastewater, Excreta public health and improves
and Greywater. quality of life.
UNESCO [32]. WWDR: Wastewater management
Employment Wastewater—The creates jobs and new
Untapped Resource. economic activities.
. s Mohnos-Senfmte et a@. [371 Cost-benefit and profitability as
Economic Profitability Cost-benefit analysis of . . L
decision-making criteria.
wastewater treatment.
UNESCO [32]. WWDR: Enhancing resource
Productivity Wastewater—The productivity and efficiency in

Untapped Resource. industry and agriculture.

The estimated wastewater generation in Shahrekord County is about 42,000-64,000 m3/ day,
based on population data and standard per capita wastewater production coefficients
used in urban water and wastewater engineering design in Iran and similar semi-arid
regions. The existing treatment infrastructure has a design capacity of approximately 60,000-
90,000 m?/day (effective capacity: 45,000-75,000 m>/day), indicating that the system is
generally sufficient to treat the generated wastewater under normal operating conditions.

The initial 20 criteria were developed through a deductive literature-based approach
using established studies and international frameworks on sustainable water management
and wastewater reuse. The indicators were grouped into environmental, social, and
economic dimensions to ensure comprehensive coverage of sustainability aspects relevant
to the study context before applying the Delphi technique for refinement.

4. Materials and Methods

This study is applied in terms of its objective and falls within the category of survey
research in terms of data collection. The required data were gathered through the review
of various sources such as academic articles, field visits, existing plans and theses, as
well as interviews with experts and specialists from relevant organizations, including the
Ministry of Industry, Mine and Trade, the Industrial Estates Company, the Agricultural
Jihad Organization, the Regional Water Authority, and academic professionals. To identify
and extract indicators relevant to the research topic, both domestic and international sources
with high frequency and relevance were reviewed. Based on these sources, key elements
were identified and categorized within the conceptual framework of the study under three
main dimensions of sustainable development—economic, social, and environmental—and
nine sub-categories, as illustrated in Figure 2. The sustainability, consistency, and accuracy
of the selected indicators were evaluated and validated using the confirmatory Delphi
technique, which is commonly employed to identify and screen the most important decision-
making indicators.
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Given that the main objective of this study is the sustainable management of treated
wastewater reuse in Shahr-e Kord for the development of reuse scenarios—including ir-
rigation of non-fruit trees, industrial applications, and utilization in an eco-park—fuzzy
Shannon entropy and fuzzy ARAS techniques were applied. The statistical population
of this study includes researchers and scholars in the relevant field, as well as managers
from related organizations such as the Ministry of Industry, Mine and Trade, the Industrial
Estates Company, the Agricultural Organization, and other experts. A purposive sampling
method was used to determine the number of participants. This type of non-probability
sampling relies on human judgment rather than random selection; therefore, the proba-
bility of each unit being included in the sample is unknown and cannot be determined.
Accordingly, purposive sampling combined with the snowball technique was employed,
and sampling continued until data saturation was reached. The expert panel consisted of
professionals from multidisciplinary backgrounds, including engineering, environmental
sciences, agricultural planning, industrial management, and water resources policy. The
participants included both academic researchers and practitioners with extensive experi-
ence in wastewater management and regional development, with most having more than
10 years of professional experience. This heterogeneous composition ensured balanced
representation of the economic, social, and environmental dimensions of the study and
minimized potential disciplinary bias. In order to maintain confidentiality and comply
with standard research ethics in expert-based studies, no individual identifiers are reported.
Ultimately, 10 experts in the field were identified. It is worth noting that the selection
process continued until theoretical saturation was achieved. Although the sample size is
limited to 10 experts, this is consistent with the requirements of fuzzy MCDM approaches,
in which the emphasis is placed on the quality and expertise of respondents rather than
statistical generalization. In such methods, small but highly specialized expert panels are
commonly used when participants possess sufficient domain knowledge and homogeneous
expertise. In this study, all experts were selected from relevant academic and executive
institutions with substantial experience in water resource and environmental management.
Data collection continued until stability and convergence of expert opinions were achieved,
indicating saturation of judgments.

4.1. Fuzzy Theory and the Fuzzy Delphi Method

Individuals’ judgments regarding preferences are often imprecise when it comes to
estimating exact numerical values. Moreover, fuzzy logic is useful for addressing problems
characterized by ambiguity and uncertainty. Therefore, given the nature of the present study
and the inherent uncertainty in the responses, the fuzzy method was employed. The Fuzzy
Delphi Method is a combination of the traditional Delphi method and fuzzy set theory [38].
In the present study, the following steps were applied in the implementation of the Fuzzy
Delphi Method: identification of research indicators through a comprehensive review of
the theoretical foundations and the use of the Confirmatory Delphi Method; collection of
expert opinions through a questionnaire. It should be noted that the questionnaires were
completed by a panel of experts to determine the relevance of the identified indicators to the
main subject of the study and to screen them accordingly. Linguistic variables, as presented
in Table 3, were used to express the importance of each indicator. Furthermore, triangular
fuzzy numbers were employed in this study. The linguistic variables and their triangular
fuzzy numbers were adopted from commonly used scales in fuzzy MCDM studies. The five-
level scale was selected due to its simplicity and effectiveness in representing uncertainty
in expert judgments, and the triangular membership functions ensure smooth transitions
between linguistic terms [7].
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Xjj)

Table 3. Linguistic terms and fuzzy Delphi numbers [7].

Fuzzy Equivalence of Priorities

Code Priorities
Lower Bound () Medium (m)  Upper Bound (1)
1 Very low 0 0 0.25
2 Low 0 0.25 0.5
3 Medium 0.25 0.5 0.75
4 Much 0.5 0.75 1
5 Very much 0.75 1 1

4.2. Fuzzy Shannon Entropy

The fuzzy Shannon entropy technique is one of the well-known methods for extracting
the weights of criteria from decision matrix data. Hosseinzadeh lotfi and Fallahnejad [39]
extended this method to cases where the data in the decision matrix are presented as
intervals or fuzzy numbers, and introduced the fuzzy Shannon entropy technique. In this
study, in order to determine the weights of the criteria (the nine criteria aligned with the
research’s conceptual framework), and considering that the data in the decision matrix
are fuzzy, the fuzzy Shannon entropy method is applied. Shannon entropy is one of the
methods used for calculating the weights of indices in MCDM models. According to
Dorkhosh et al. [40] and Jamshidi et al. [41], the steps of this method, depending on the
approach used, include: forming the decision matrix, converting the fuzzy decision matrix
into an interval matrix, normalizing the decision matrix, determining the entropy of each
index, calculating the degree of divergence of each index, and finally determining the
weights of the indices. The steps for extracting the weights of criteria using the fuzzy
Shannon entropy method are as follows:

Step 1: Convert fuzzy data into interval data using alpha-cut sets.

Suppose ;ij is an element of the decision matrix located in row i-th and column j-th,
defined as a triangular fuzzy number. Here, i represents the alternatives, ranging from 1 to
m, and j denotes the criteria, ranging from 1 to n. The alpha-cut set for the fuzzy variable
;i]- refers to the set of real values whose membership degree in this fuzzy variable is at least
equal to the alpha value.

In simpler terms:

{xij € R|V;ij(xij) > “}, 1)
The alpha-cut set can be expressed in interval form as follows:
L ~ U )
¥ (xl-]-)a = mzn;i]_{xij € R\y;ij(xij) >al, max;’_]_{xl-]- € R|y;ij(xi]-) >al|, )

where 0 < & < 1. According to Equation (2), fuzzy data are converted into interval data. In
this study, the a-cut level was set to 0.5. This value represents a balanced trade-off between
optimistic and pessimistic interpretations of fuzzy uncertainty and is commonly adopted
in fuzzy multi-criteria decision-making studies to ensure stable interval transformation
and comparability of results.

Step 2: Normalization of the decision matrix.

The above matrix is normalized, and each normalized element is denoted by P;; To
normalize, each element in a column is divided by the sum of that column.

xgj x}‘j

1 u
Pii=vm u’ Pij= vm u
DY S A i=1%jj

i=12,...,m j=12,...,n, 3)

Step 3: Determining the entropy of each criterion.
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The lower and upper bounds of the entropy interval can be calculated using the
following equations:

h} = min{—hQZ?Ll pf]- X angj, _hOEZ‘ﬂ:l pl”-;- X L”P%‘ }, i=12,...,n, 4)

1 1 .
h]”.‘ = max{—hoz:;nz1 pi; x Lnpy; , _hOZ?; pl”»;» X anl‘-;- }, i=12,...,n, (5)

Step 4: Determining the degree of divergence of each criterion.
The lower and upper bounds of the degree of divergence are calculated as follows.

d=1-h. j=1,2,...,n
j i (6)
v =1-h. j=12,...,n,
] ]
where d;. and dj represent the lower and upper bounds of the divergence range, respectively.
Step 5: Determining the weights of the criteria.
The upper and lower bounds for the weight of the i-th criterion are calculated using
the following equation.

dl
w=—" _ i=12..n
]‘_;17/ — LyLy gty
Ly & @)
wl = 1 —, j=12,...,n,
(D DRy

where wj and w]” represent the lower and upper bounds of the weight interval for criterion
j-th, respectively.

4.3. Fuzzy ARAS Method

The ARAS method is one of the well-known approaches for solving multi-criteria
decision-making problems. It is also recognized as one of the most effective methods
in this field. In this method, the sum of the weighted and normalized criteria values
for each alternative is divided by the sum of the weighted and normalized values of the
best alternative. This ratio is known as the degree of optimality. Alternatives are then
ranked based on their degree of optimality [42]. In this study, the fuzzy ARAS method
is employed to evaluate water resource management scenarios under fuzzy conditions.
The steps for implementing the fuzzy ARAS method are as follows [42]. All criteria were
converted to a benefit-oriented scale by transforming cost-type indicators so that higher
values consistently represent more desirable performance, ensuring comparability across
indicators within the ARAS framework.

Step 1. Constructing the decision matrix

In the first step, a fuzzy decision matrix must be constructed, with its elements denoted
by }ij/ where i represents the i-th alternative and j represents the j-th criterion. Moreover,
}i]- indicates the evaluation value of alternative i with respect to criterion j, expressed as a
triangular fuzzy number.

Step 2. Determining the ideal values

In this step, an ideal alternative, denoted as Ay, is constructed as the ideal solution.
Its values correspond to the highest values for beneficial criteria and the lowest values for
non-beneficial criteria. These values are obtained as follows:

}0 j = max; ;ij/ for beneficial criteria 8)

Xoj = min; Xjj, for non-beneficial criteria

where ;0]' is the optimal value of criterion j, expressed as a triangular fuzzy number.
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Step 3. Normalizing the decision matrix
In this step, the fuzzy decision matrix is normalized based on the following equation.

Xo1 ... ij cee XOn
X = X1 .- yij cee Xin |y (9)
Xt oo T oo X

where the symbol X is used to denote the normalized decision matrix. Beneficial criteria
are normalized as follows:

_ Xij
Xij= == (10)
i=0 Xij
Additionally, cost-type (non-beneficial) criteria are normalized as follows:
~ 1 _ Xij
xij — %7 xij = TJNI (11)
Xij Li—o Xij

Step 4. Weighting the normalized decision matrix

In this step, it is assumed that w; is the weight of criterion j. The normalized decision
matrix is then multiplied by the criterion weights to obtain the weighted normalized
decision matrix, denoted as (%;;). It is worth noting that the criterion weights in our
proposed model have already been calculated using the fuzzy Shannon entropy method.

J?ijIZUjXYZ.].,i:O,l,...,m, j=12,...,n (12)

where w; represents the weight (importance) of criterion j, and X;; denotes the normalized
evaluation of criterion j.

P noo, .

S; = 2].:1 Rij, i=01.....m, (13)

where S; represents the value of the optimality function for alternative i. The highest
value indicates the best alternative, and the lowest value indicates the worst. Since S; is

a triangular fuzzy number expressed as gi = (Sia.Siﬁ.Si7), it can be defuzzified using the
following formulas.
5 Sin + Siﬁ + Si'y
1 3 ’
Finally, the utility degree of alternative K; is obtained by comparing the utility of

=01.....m (14)

alternative i with the ideal best value Sy. The alternatives can then be prioritized based on
their utility degrees. The utility degree of an alternative is expressed as follows:

Ki=2L, i=0,1,...,m (15)

where K; represents the utility degree of alternative i, which can take a value within the
range [0, 1]. The larger the value of K;, the more preferable the alternative.

5. Results and Discussion

Based on the conducted analyses and expert opinions—and considering the variability
in these opinions—it can be concluded that environmental quality variables offer greater
flexibility to the experts. Individuals’ perceptions of environmental quality variables,
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such as whether they are low or high, are not uniform. Since experts possess different
characteristics, they also hold different mental frameworks. Therefore, if they respond to
the options based on differing mindsets, the analysis of variables would lose its validity.
However, by defining the range of environmental quality variables, experts will respond to
the questions with a shared understanding. As a result, environmental quality variables are
defined using triangular fuzzy numbers (Figure 3) as follows: Very Low: (0, 0, 0.25), Low:
(0, 0.25, 0.5), Medium: (0.25, 0.5, 0.75), High: (0.5, 0.75, 1), Very High: (0.75, 1, 1). According
to Figure 3, a triangular fuzzy number is a fuzzy number represented by a triplet (a, b, c)
where a is the lower bound, b is the most probable value with a membership degree of
1, and c is the upper bound. Furthermore, A, denotes a x-cut set that is a crisp interval
containing all elements whose membership degree is greater than or equal to «.

4
U(X)
l ____________

a

\ 4

a b c X
Ag

Figure 3. Membership Function of Linguistic Variables.

After identifying the experts, the Delphi method was repeated in three rounds. In
the first round, a list of criteria influencing the assessment of effectiveness—extracted
from the literature—was provided to the experts. In the next step, the average of the
experts’ opinions regarding the importance of each criterion was calculated using the
following formulas. In Equation (16), A’ represents the viewpoint of the i-th expert, and in
Equation (17), Aave denotes the average of the experts’ viewpoints. Additionally, a1, a, a3
represent the parameters of the triangular fuzzy number. At this stage, experts were asked
to rate the importance of each criterion using the options: Very Low, Low, Medium, High,
and Very High. In the next round, each expert’s updated opinion was formed based
on the overall responses from all experts as well as their own previous opinion. The
disagreement of each expert was calculated using Equation (17). In fact, according to this
equation, each expert could compare their own opinion with the average opinions and, if
desired, revise their previous responses. Using Equation (18), the experts’ disagreements
were calculated and compiled into a questionnaire. Subsequently, each expert reviewed
their previous responses and provided updated opinions accordingly. At this stage, by
calculating the difference between the mean values of the first and second rounds and
using the distance formulas between fuzzy numbers, the level of consensus among the
experts was determined. If the calculated difference was less than 0.2, the fuzzy Delphi
process was terminated. In this study, components that fell within the “Very Low” range
were excluded from the research based on expert opinions.

Given that the difference in means for some of the criteria related to the optimal use
of wastewater exceeds 0.2, it can be concluded that there is still no acceptable level of
consensus among the experts. Therefore, after calculating each expert’s deviation from
the mean using Equation (18) and Table 4, a revised questionnaire was developed by
making the necessary adjustments to the factors. This new questionnaire, along with each
expert’s previous opinion and the extent of its deviation from the average opinions of other
experts, was then redistributed to the experts. After compiling the questionnaires from
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this stage, the disagreements were calculated, and the results indicated that the difference
for all factors was less than 0.2, leading to the termination of the fuzzy Delphi process.
The differences in Table 4 are based on aggregated absolute deviations of fuzzy expert
scores between Delphi rounds before normalization; values may exceed 1, whereas the
consensus threshold (<0.2) is applied to normalized distance measures used for stopping
the process. Based on the final results, only components with an importance score higher
than 0.7 were considered as criteria for evaluating the effectiveness of research projects,

),

1 i 1 i 1 i
Agoe = (mq,mp,m3) = <n>:?_1a§ Py ;Z; aé‘), )i ag)

which are presented in Table 5.

Al = (agi), ag), ag)

1

i i i _ no @) () Ly (i)
(aml —ay,am2 — A4p,0m3 — dz, am4) - (nzi=1 al - al /Ezizl az

n

_ ﬂ?)gﬂllaé‘)),

)

(16)

(18)

Table 4. Differences in the mean scores of experts’ opinions between round one and round two.

No Effective Criteria Mean of Differences
1 Productivity 0
2 Industrial Expansion 1.590
3 Profitability 0
4 Employment 0
5 Water Waste and Disease Outbreak 1.590
6 Environmental Quality of Life 0
7 Equity 0
8 Groundwater Pollution 0
9 Surface Water Pollution 0
10 Environmental Pollution 0
11 Organizational Participation 0
12 Public Participation 1.260
13 Environmental Quality 0
14 Optimal Resource Utilization 0
15 Use by Farmers Unaware of Its Harmful Effects 0
16 Efficient Agricultural Consumption 0.958
17 Afforestation 0
18 Environmental Protection 1.580
19 Eco-park Development 0.323
20 Groundwater Recharge 0
Table 5. Importance of each criterion after defuzzification.
No Effective Criteria Fuzzy Criteria Defuzzified Score State
1 Productivity (0.60,0.77, 0.88) 0.75 Approval
2 Industrial Expansion (0.67, 0.68, 0.80) 0.67 Rejection
3 Profitability (0.67,0.83, 0.93) 0.81 Approval
4 Employment (0.54,0.75,0.89) 0.73 Approval
5 Water Waste and Disease Outbreak (0.41, 0.56, 0.71) 0.56 Rejection
6 Environmental Quality of Life (0.48, 0.58, 0.73) 0.72 Approval
7 Equity (0.68,0.84, 0.94) 0.82 Approval
8 Groundwater Pollution (0.48, 0.67, 0.80) 0.65 Rejection
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Table 5. Cont.

No Effective Criteria Fuzzy Criteria Defuzzified Score State

9 Surface Water Pollution (0.31, 0.50, 0.70) 0.50 Rejection
10 Environmental Pollution (0.37,0.54, 0.68) 0.53 Rejection
11 Organizational Participation (0.64, 0.80, 0.90) 0.78 Approval
12 Public Participation (0.58, 0.76, 0.86) 0.73 Approval
13 Environmental Quality (0.70, 0.86, 0.96) 0.84 Approval
14 Optimal Resource Utilization (0.69, 0.85, 0.95) 0.84 Approval
15 Use by Farmers Unaware of Its Harmful Effects (0.36,0.53, 0.67) 0.55 Rejection
16 Efficient Agricultural Consumption (0.40,0.57,0.71) 0.56 Rejection
17 Afforestation (0.33, 0.50, 0.64) 0.49 Rejection
18 Environmental Protection (0.60, 0.78, 0.88) 0.75 Approval
19 Eco-park Development (0.30, 0.54, 0.69) 0.54 Rejection
20 Groundwater Recharge (0.39, 0.56, 0.70) 0.58 Rejection

Finally, using the fuzzy Delphi method, 10 criteria were identified as the most impor-
tant factors affecting the optimal use of wastewater in the cultivation of non-fruit trees,
industry, and eco-park applications, utilizing sustainable development indicators. These
indicators were confirmed in Table 5 and are presented in Table 6.

Table 6. Effective Criteria for Evaluating the Optimal Use of Wastewater.

No Effective Criteria
1 Productivity
2 Profitability
3 Employment
4 Environmental Quality of Life
5 Equity
6 Organizational Participation
7 Public Participation
8 Environmental Quality
9 Optimal Resource Utilization
10 Environmental Protection

5.1. Results of Applying Fuzzy Shannon Entropy

The next step after identifying the effective criteria, based on expert opinions, is
weighting them according to their relative importance. In this phase, questionnaires
were prepared for each project using these criteria and a 5-point Likert scale, and were
distributed among experts, supervisors, and relevant individuals. Considering that the
number of experts in this stage was 10, each of them rated the criteria based on the effective
indicators identified in the previous stage. Considering the fact that individuals have
different perceptions and that each criterion and indicator possesses unique characteristics
that collectively prevent overlapping effects on the results, the fuzzy Shannon entropy
technique was employed to weight these indicators based on the given ratings. In this
technique, instead of using the 10 identified effective indicators by name, the English
labels C!, C?, ..., and C!? were assigned to represent them respectively. The table of
effective indicators and their corresponding labels (Table 7), as well as the final table
showing the weights of these indicators obtained through the fuzzy entropy technique, are
presented below.
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Table 7. Effective Indicators of Effectiveness.

Effective Criteria Indicator Symbol
Productivity c!
Profitability C?
Employment c?

Environmental Quality of Life ct
Equity c
Organizational Participation cé
Public Participation c’
Environmental Quality c8
Optimal Resource Utilization c’
Environmental Protection cto

In this section, based on the steps outlined in the research methodology regarding the

fuzzy Shannon entropy method, the final weight of each dimension—as a criterion—was

calculated using the fuzzy questionnaire data collected from experts. Table 8 presents the

constructed decision matrix. In the present study, the “criteria” refer to the ten identified

indicators, and the “alternatives” refer to the three options: use in non-fruit tree cultivation,

use in industry, and use in eco-park development, which are denoted as A1, A2, and A3,

respectively. The fuzzy decision matrix is converted to a distance matrix, which is reported

in Table 9. Table 10 reports the normalized distance matrix.

Table 8. Decision Matrix of Effective Indicators with Respect to Alternatives.

No c! C? c? ct c®

Al (0.575,0.925,0.925)  (0.400, 0.575,1.000)  (0.525, 0.500, 0.775)  (0.250, 0.600, 0.850)  (0.400, 0.650, 0.825)

A2 (0.250, 0.500, 0.925)  (0.350, 0.325,0.475)  (0.175, 0.425, 0.575)  (0.400, 0.475, 0.475)  (0.275, 0.350, 0.600)

A3 (0.500, 0.655, 0.925)  (0.250, 0.370, 0.775)  (0.400, 0.500, 0.575)  (0.425, 0.675, 0.925)  (0.175, 0.350, 0.425)
Co (e C8 C9 C10

Al (0.175,0.175,0.250)  (0.275,0.525,0.775)  (0.400, 0.575,1.000)  (0.350, 0.600, 0.490) ~ (0.400, 0.650, 0.925)

A2 (0.425,0.500, 0.575)  (0.350, 0.600, 0.850)  (0.175, 0.325, 0.675)  (0.400, 0.575, 0.575)  (0.175, 0.175, 0.250)

A3 (0.250, 0.325, 0.500)  (0.500, 0.750, 0.925)  (0.275, 0.450, 0.775)  (0.500, 0.650, 1.000)  (0.500, 0.650, 1.000)

Table 9. Conversion of fuzzy decision matrix to distance matrix.

No ct C? C’ ct C

Al (0.750, 0.925) (0.488, 0.788) (0.513, 0.638) (0.425, 0.725) (0.525, 0.738)

A2 (0.375,0.713) (0.338, 0.400) (0.300, 0.500) (0.438, 0.475) (0.313, 0.475)

A3 (0.578, 0.790) (0.310, 0.573) (0.450, 0.538) (0.550, 0.800) (0.263, 0.388)
Co C7 C8 9 Clo

Al (0.175, 0.213) (0.400, 0.650) (0.488, 0.788) (0.475, 0.545) (0.525, 0.788)

A2 (0.463, 0.538) (0.475, 0.725) (0.250, 0.500) (0.488, 0.575) (0.175, 0.213)

A3 (0.288, 0.413) (0.625, 0.838) (0.363, 0.613) (0.575, 0.825) (0.575, 0.825)

Next, in order to calculate the entropy of each indicator, the normalized distance
matrix is divided into two matrices: the first matrix contains the lower bound elements, and
the second matrix contains the upper bound elements. To determine the divergence of each
indicator—which was calculated in the previous step (entropy calculation)—each entropy
value is subtracted from one to obtain the corresponding divergence value. Subsequently,
to determine the weight of each indicator, and based on the formulas provided in the
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Materials and Methods section, the lower and upper bounds of the interval numbers are

also presented in the corresponding table.

Table 10. Normalization of distance matrix.

No ct C? c’ ct C
Al (0.309, 0.381) (0.277,0.447) (0.306, 0.381) (0.213, 0.363) (0.328, 0.461)
A2 (0.154, 0.294) (0.192, 0.227) (0.179, 0.299) (0.219, 0.238) (0.195, 0.297)
A3 (0.238, 0.325) (0.176, 0.325) (0.269, 0.321) (0.275, 0.400) (0.164, 0.242)
Co C’ C8 C° c1o
Al (0.151, 0.183) (0.181, 0.294) (0.257,0.414) (0.244, 0.280) (0.288, 0.432)
A2 (0.398, 0.462) (0.215, 0.328) (0.132, 0.263) (0.251, 0.296) (0.096, 0.116)
A3 (0.247, 0.355) (0.282, 0.379) (0.191, 0.322) (0.296, 0.424) (0.315, 0.452)
After determining the weights of the indicators, it is necessary to convert the fuzzy
weights into crisp values. As shown in Table 11, each indicator has a lower and an upper
weight bound, and to derive the final crisp weight, the average of these two bounds is
calculated for each indicator. The results are presented in Table 11.
Table 11. Results of Fuzzy Shannon Entropy.
No ct C? (& ct C>
[h;., h]”] (0.904, 0.995) (0.890, 0.967) (0.932, 0.995) (0.925, 0.979) (0.893, 0.966)
[d;, d]”] (0.005, 0.096) (0.033, 0.110) (0.005, 0.068) (0.021, 0.075) (0.034, 0.107)
[w;-, w]”] (0.005, 0.311) (0.034, 0.355) (0.005, 0.221) (0.021,0.242) (0.035, 0.346)
w; 0.091 0.112 0.065 0.076 0.110
Co C7 C8 9 Clo
[h;., h;‘] (0.908, 0.942) (0.907, 0.995) (0.848, 0.984) (0.957, 0.984) (0.862, 0.885)
[d;., d;‘] (0.058, 0.092) (0.005, 0.093) (0.016, 0.152) (0.016, 0.043) (0.115, 0.138)
[w;-, w]”] (0.060, 0.299) (0.005, 0.300) (0.016, 0.491) (0.017, 0.139) (0.118, 0.446)
wj 0.103 0.088 0.146 0.045 0.163

Based on the conducted analysis, it can be concluded that, according to the fuzzy
Shannon entropy method, the environmental quality indicator holds the highest weight
among the criteria. It is followed, in order, by the indicators of optimal resource utilization,
profitability, public participation, and others. The environmental quality indicator plays a
critical role in the sustainable management of wastewater reuse. This indicator reflects the
extent to which wastewater reuse practices contribute to the protection and improvement
of environmental conditions, including soil, water, and air quality. Sustainable reuse of
treated wastewater should ensure that it does not lead to the accumulation of harmful
substances in the environment, such as heavy metals or pathogens. Monitoring and en-
hancing environmental quality not only safeguards ecosystems but also builds public trust
in wastewater reuse initiatives. Therefore, prioritizing environmental quality in decision-
making processes is essential to achieve long-term sustainability and ecological balance.

Although the Dasht-e-Shahrekord region faces economic pressures and development
needs, experts assigned higher weights to Environmental Protection (C'Y) and Environmen-
tal Quality (C®) because sustainable wastewater reuse depends primarily on preserving
environmental resources. Experts considered that environmental degradation, groundwa-
ter contamination, and ecosystem damage could generate long-term economic and social
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costs that exceed short-term economic benefits. Therefore, environmental sustainability
was viewed as a prerequisite for long-term regional development.

5.2. Results of Applying Fuzzy ARAS for Ranking Wastewater Utilization Sites

After determining the crisp and subsequently the normalized weights of the ten
research indicators using the fuzzy Shannon entropy method, the fuzzy ARAS method was
employed to rank the three alternatives in the study. The first step in this method is the
construction of the fuzzy decision matrix, which was previously used in the fuzzy Shannon
entropy process as well. Additionally, in this method, the ideal values for the indicators are
determined using Equation (8). Table 12 presents the fuzzy decision matrix.

Table 12. Fuzzy Decision Matrix with Ideal Alternative.

No ct 2 c ct C
A0 (0.575,0.925,0.925)  (0.400, 0.575,1.000) (0.525,0.500,0.775)  (0.425,0.675,0.925)  (0.400, 0.650, 0.825)
Al (0.575,0.925,0.925)  (0.400, 0.575,1.000)  (0.525, 0.500,0.775)  (0.250, 0.600, 0.850)  (0.400, 0.650, 0.825)
A2 (0.250, 0.500, 0.925)  (0.350, 0.325, 0.475)  (0.175, 0.425,0.575)  (0.400, 0.475, 0.475)  (0.275, 0.350, 0.600)
A3 (0.500, 0.655, 0.925)  (0.250, 0.370, 0.775) ~ (0.400, 0.500, 0.575)  (0.425,0.675,0.925)  (0.175, 0.350, 0.425)
Co (e C8 9 C10
A0 (0.425, 0.500, 0.575)  (0.500, 0.750, 0.925) ~ (0.400, 0.575,1.000)  (0.500, 0.650, 1.000)  (0.500, 0.650, 1.000)
Al (0.175,0.175,0.250)  (0.275, 0.525,0.775)  (0.400, 0.575,1.000) ~ (0.350, 0.600, 0.490)  (0.400, 0.650, 0.925)
A2 (0.425,0.500,0.575)  (0.350, 0.600, 0.850)  (0.175, 0.325, 0.675)  (0.400, 0.575,0.575)  (0.175,0.175, 0.250)
A3 (0.250, 0.325, 0.500)  (0.500, 0.750, 0.925)  (0.275, 0.450, 0.775)  (0.500, 0.650, 1.000)  (0.500, 0.650, 1.000)
Among the risk indicators, all are considered as optimal (or desirable) criteria. It is
noteworthy that at this stage, the criteria are used to form the normalized fuzzy decision
matrix, which is presented in Table 13. To obtain the weighted normalized decision
matrix, weights derived through the fuzzy Shannon entropy method are used. Finally,
using Equation (10), the weighted normalized fuzzy decision matrix is obtained, which is
reported in Table 14.
Table 13. Normalized Fuzzy Decision Matrix.
No c! C? c? ct C
A0 (0.155,0.308,0.487)  (0.123,0.312,0.714)  (0.194, 0.260, 0.477)  (0.134,0.278,0.617)  (0.150, 0.325, 0.660)
Al (0.155,0.308, 0.487)  (0.123,0.312,0.714)  (0.194, 0.260, 0.477)  (0.079, 0.247,0.567)  (0.150, 0.325, 0.660)
A2 (0.068, 0.166, 0.487)  (0.108, 0.176,0.339)  (0.065, 0.221,0.354)  (0.126,0.196,0.317)  (0.103, 0.175, 0.480)
A3 (0.135,0.218,0.487)  (0.077,0.201,0.554)  (0.148, 0.260, 0.354)  (0.134,0.278,0.617)  (0.065, 0.175, 0.340)
C6 c’ C8 o C1o
A0 (0.224,0.333,0.451)  (0.144, 0.286,0.569)  (0.116, 0.299, 0.800)  (0.163,0.263,0.571)  (0.157, 0.306, 0.635)
Al (0.092,0.117,0.196)  (0.079,0.200,0.477)  (0.116,0.299, 0.800)  (0.114, 0.242, 0.280) ~ (0.126, 0.306, 0.587)
A2 (0.224,0.333,0.451)  (0.101, 0.229,0.523)  (0.051, 0.169, 0.540) ~ (0.131,0.232,0.329)  (0.055, 0.082, 0.159)
A3 (0.132,0.217,0.92)  (0.144, 0.286,0.569)  (0.080, 0.234,0.620)  (0.163,0.263,0.571)  (0.157, 0.306, 0.635)

To calculate the utility function of each option, Equation (13) is used. Then, these
values are converted into crisp numbers using Equation (14). Finally, using Equation (15),
the desirability of each option is calculated, and the ranking is performed accordingly. The
results are presented in Table 15 and Figure 4. Based on the evaluations, the prioritization
of scenarios related to wastewater reuse is as follows: 1. Use in non-fruit-bearing trees
ranks first, 2. Construction of an eco-park ranks second, 3. Use in industry ranks third. The
results indicate that the optimal use of wastewater in the Dasht-e-Shahrekord area should
initially focus on non-fruit-bearing trees. The second priority is the use of wastewater for
eco-park construction in Dasht-e-Shahrekord. The third priority is allocated to the use of
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wastewater in the industry sector of Dasht-e-Shahrekord. To evaluate the robustness of
the obtained rankings, a sensitivity analysis was performed by varying the weights of the
two most important criteria (Environmental Protection and Environmental Quality) by
£10%. The results showed that the ranking order of the alternatives remained unchanged
(Al > A3 > A2), indicating that the proposed fuzzy Shannon entropy—-ARAS framework
is relatively stable against moderate changes in expert-derived weights. It is noted that
factors such as transportation distance, infrastructure costs, and detailed wastewater quality
parameters were not explicitly included in the model, as the study focuses on sustainability-
based decision-making at the regional planning level.

Table 14. Weighted Normalized Fuzzy Decision Matrix.

No ct C? 8 ct c®
A0 (0.014, 0.028, 0.044)  (0.014, 0.035, 0.080)  (0.013,0.017,0.031) (0.010, 0.021, 0.047)  (0.016, 0.036, 0.073)
Al (0.014, 0.028, 0.044)  (0.014, 0.035,0.080)  (0.013,0.017,0.031)  (0.006, 0.019, 0.043)  (0.016, 0.036, 0.073)
A2 (0.006, 0.015,0.044)  (0.012,0.020, 0.038)  (0.004, 0.014, 0.023)  (0.010, 0.015, 0.024)  (0.011, 0.019, 0.053)
A3 (0.012, 0.020, 0.044)  (0.009, 0.023, 0.062)  (0.010,0.017,0.023) (0.010, 0.021, 0.047)  (0.007, 0.019, 0.037)
C6 C7 CS C9 ClO
A0 (0.023, 0.034, 0.047)  (0.013, 0.025, 0.050)  (0.017,0.044, 0.117)  (0.007,0.012, 0.026)  (0.026, 0.050, 0.103)
Al (0.010, 0.012, 0.020)  (0.007, 0.018,0.042)  (0.017,0.044,0.117)  (0.005, 0.011, 0.013)  (0.021, 0.050, 0.096)
A2 (0.023, 0.034, 0.047)  (0.009, 0.020, 0.046)  (0.007, 0.025,0.079)  (0.006, 0.010, 0.015)  (0.009, 0.013, 0.026)
A3 (0.014, 0.022, 0.040)  (0.013, 0.025, 0.050)  (0.012,0.034,0.091) (0.007, 0.012, 0.026)  (0.026, 0.050, 0.103)
Table 15. Weighted Normalized fuzzy ARAS Decision Matrix.
No Scenario §l. S; K; Rank
A0 A0 (0.153, 0.302, 0.618) 0.358 1.000 -
Al Use on non-fruiting trees (0.122, 0.269, 0.559) 0.317 0.885 1
A2 Use in industry (0.098, 0.187, 0.395) 0.226 0.633 3
A3 Construction of Eco Park (0.119, 0.243, 0.524) 0.295 0.826 2

Construction of Eco Park 0.826

Use in industry 0.63

Use on non-fruiting trees 0.885_ |

Figure 4. Final ranking of scenarios.

W

5.3. Discussion on the Highest Priority Scenario

Although the evaluated alternatives differ in implementation time horizons, they were
assessed within a unified sustainability-based framework. The aim of this study was not
to compare projects based on temporal scale, but to evaluate their overall environmental,
social, economic, and technical performance. Therefore, both short-term (eco-park develop-
ment) and long-term (tree cultivation and industrial reuse) applications were considered
comparable decision alternatives. For the use of water in non-fruit-bearing trees, special at-
tention must be paid to the quality of the water used. Non-fruit-bearing trees are generally
planted for non-agricultural purposes such as soil protection, erosion control, shading, or
landscaping, but they still require water of suitable quality. In the Shahrekord plain, several
non-fruit tree species commonly used for afforestation and green space development, such
as poplar (Populus spp.), elm (Ulmus spp.), and cypress (Cupressus sempervirens), show
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relatively good tolerance to treated wastewater when salinity and pollutant concentrations
are adequately controlled. These species are widely adapted to the climatic conditions of
the region and can contribute to soil stabilization, erosion control, and landscape improve-
ment. Therefore, the reuse of treated wastewater for irrigating such non-fruit trees can
provide environmental benefits while reducing pressure on limited freshwater resources
in the study area. The water used for these trees must be free from harmful substances to
prevent damage to the roots, tree growth, and overall health. Non-fruit-bearing trees are
particularly sensitive to certain water parameters, which include:

Concentration of toxic substances and pollutants: Like other plants, non-fruit-bearing
trees may suffer serious damage when exposed to water contaminated with heavy metals
or other chemical compounds. These substances can harm the roots and plant tissues and
may even be transferred to leaves and branches.

Water pH: Non-fruit-bearing trees are sensitive to drastic changes in water pH. Water
with an inappropriate pH (too acidic or too alkaline) can affect nutrient absorption by the
roots and disrupt tree growth.

Water hardness: Water hardness, caused by the presence of salts and calcium, may
negatively impact the growth of non-fruit-bearing trees. High hardness can lead to salt
deposits on the roots, reducing water and nutrient uptake.

Microbial contamination: The presence of bacteria or microbial contaminants in the
irrigation water can cause plant diseases and harm the health of non-fruit-bearing trees.
Therefore, disinfection and treatment of water before use are very important.

Precise adjustment of water requirements: Non-fruit-bearing trees may require less
irrigation than fruit-bearing ones, but their water needs must be carefully calculated and
met. Using advanced irrigation methods, such as drip irrigation, and precisely timing
irrigation can help reduce water waste and improve tree health.

In summary, for the effective use of water in non-fruit-bearing trees, water quality
parameters must be carefully controlled to ensure optimal growth and prevent damage
caused by polluted or unsuitable water. Similar studies conducted in arid and semi-
arid regions have also highlighted the importance of environmental considerations in
wastewater reuse planning. However, the relative importance of criteria and the final
ranking of alternatives may vary depending on local environmental, economic, and social
conditions. Therefore, while the general emphasis on environmental sustainability is
consistent with previous studies, the prioritization obtained in the Dasht-e-Shahrekord
area reflects the specific characteristics of the study region.

Despite being the highest-ranked scenario, its implementation faces practical con-
straints. These include the need for investment in irrigation infrastructure, particularly
drip systems, and continuous monitoring of wastewater quality parameters such as salinity
and microbial contamination. Therefore, successful application depends on both technical
capacity and infrastructure availability.

6. Conclusions

Wastewater reuse in Dasht-e-Shahrekord is prioritized for non-fruit-bearing trees,
eco-parks, and industry. In water-scarce Iran, treated wastewater is a reliable, cost-effective
alternative to desalination, supporting agriculture, saving freshwater and supplying nutri-
ents for plants. In this study, the fuzzy Shannon entropy method was applied to determine
the significance of the evaluation criteria, while the Fuzzy ARAS method was employed
to assess and rank the alternatives for wastewater utilization in tree cultivation, eco-park
development, and industrial applications. Furthermore, the snowball sampling technique
was used to identify and prioritize the influential criteria. Through this process, 10 of
the original 20 criteria were eliminated, leading to the selection of 10 key and impactful
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criteria. The results of applying these methods show that the best option for wastewater
reuse is non-fruitful trees. Wastewater used for non-fruit-bearing trees must meet quality
standards, as excess salts, heavy metals, or improper pH can harm tree growth and soil
health. Controlling toxic substances and key parameters like hardness and pH is essential to
protect the trees and enhance productivity. Eco-parks, as the second priority for wastewater
reuse in Dasht-e-Shahrekord, combine recreation with environmental education. Given
population growth, waste generation, and environmental challenges, their establishment is
essential for raising awareness and advancing sustainable urban development. The third
priority for wastewater reuse in Dasht-e-Shahrekord is industrial use. Treated wastewater,
if meeting health and environmental standards, can be applied in non-food industries for
processes such as cooling, washing, or as process water, while avoiding risks to public
health and equipment. In Chaharmahal and Bakhtiari Province, strict adherence to wastew-
ater treatment standards and continuous quality monitoring are essential to prevent water
and soil pollution. Implementing rigorous protocols and complying with national and
international standards, especially in sensitive industries, must be prioritized to protect
the environment, workers” health, and local communities. The results of this study are
specifically valid for the province under investigation and cannot be directly generalized
to other regions. This limitation is due to differences in environmental characteristics and
local water resources, which may influence experts’ responses in different areas. Therefore,
to extend the applicability of the results, it is necessary to distribute the questionnaires
separately in each region and conduct a detailed analysis of local data. Accordingly, to
enhance the generalizability and global applicability of the findings, it is recommended that
in future studies, the proposed model be implemented in various environments and more
comprehensive analyses of local features, potential challenges, and adaptation require-
ments of the model be conducted. The fuzzy MCDM approach applied in this study has
some inherent limitations. The results depend on expert judgments, which may introduce a
degree of subjectivity despite the use of fuzzy logic. In addition, converting linguistic terms
into fuzzy numbers and the sensitivity of entropy-based weighting may influence the final
rankings. Therefore, the results should be interpreted as decision-support outputs rather
than absolute rankings. From a policy perspective, the results suggest that wastewater
reuse should be incorporated into regional water planning as a strategic resource. Priority
should be given to investment in treatment and irrigation infrastructure, along with the
establishment of monitoring and regulatory systems to ensure water quality and minimize
environmental and health risks. In addition, effective implementation requires coordination
between technical, environmental, and governance institutions rather than relying solely
on engineering solutions.

For local water management authorities (e.g., the Regional Water Authority), practical
actions should focus on upgrading wastewater treatment capacity, implementing regular
water quality monitoring (e.g., salinity, heavy metals, and microbial load), and establishing
clear enforcement guidelines for safe wastewater reuse in agriculture, forestry, and indus-
trial sectors. Coordination with environmental and agricultural agencies is also necessary
to ensure integrated water resource management.

Future research should focus on integrating the proposed fuzzy MCDM framework
with real-time effluent monitoring systems. This would enable dynamic updating of
input data based on continuously measured water quality parameters, improving the
responsiveness and practical applicability of wastewater reuse decision-making under
changing environmental conditions.

Overall, the main objective of this study was to develop a fuzzy multi-criteria decision-
making framework for evaluating and prioritizing wastewater reuse options in the Dasht-
e-Shahrekord region. The results demonstrate that the proposed integrated fuzzy Shannon
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entropy—ARAS approach effectively supports structured decision-making under uncer-
tainty and identifies non-fruit-bearing trees as the most suitable option for wastewater
reuse in the study area. This confirms that the developed framework successfully achieves
its intended purpose of providing a systematic and reliable tool for prioritizing wastewater
reuse strategies in water-scarce regions.

Future research should focus on extending the present framework through more
comprehensive and structured sensitivity analyses, benchmarking the proposed fuzzy
Shannon entropy—-ARAS approach against alternative multicriteria decision-making
methods, and validating its applicability in regions with diverse environmental and
socioeconomic conditions.
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