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Abstract: The present study applied a multi-criteria analysis to evaluate the best approach among
six theoretical frameworks related to the integrated management of water–environmental resources,
analyzing the frequency of multiple management criteria. The literature review covers the period from
1990 to 2015, with a notable presence of the theoretical frameworks of Integrated Water Resources
Management (IWRM), Ecohealth, Ecosystem Approach (EA), Water Framework Directive (WFD), and,
to a lesser extent, the Watershed Governance Prism (WGP) and the Sustainability Wheel (SW). The
multi-criteria decision-making (MCDM) methods applied include AHP (Analytic Hierarchy Process),
TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution), and PROMETHEE
(Preference Ranking Organization Method for Enrichment Evaluations). Twenty-five criteria were
analyzed, such as governance, participation, sustainability, decentralization, and health and well-
being, among others. We started with five criteria for evaluating the hierarchy of the six theoretical
frameworks using the AHP method. Subsequently, we again evaluated the five criteria using the
TOPSIS and PROMETHEE methods to calibrate the results with the AHP. Then, using word counting,
we evaluated the best approach, applying 10, 15, 20, and 25 more criteria. Our results indicate that the
best integrated management alternative was the WFD, which fulfilled 47% of the management criteria.
Second, with 45%, was the WGP, and third was IWRM, with 41%; less successful approaches to the
criteria were demonstrated by the EA, SW, and Ecohealth methods. By applying this methodology,
we demonstrated an excellent structured tool that can aid in the selection of the most important issue
within a given sector.

Keywords: IWRM; decision making; participation; TOPSIS; water resources

1. Introduction

In 1992, the International Conference on Water and the Environment (ICWE) empha-
sized the development of holistic approaches to integrated water management [1] and all
social, environmental, cultural, institutional, and political components related to resource
management [2]. However, achieving sustainable and equitable resource management
systems is not possible without a solid foundation of good governance. This requires the
concerted and specific participation of local authorities, the private sector, unions, NGOs,
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citizens, and academia [1]. Comprehensive and collective participation will result in better
management of resources at the watershed level. However, specific uses of resources (soils,
forests, water, or fishing) have been privileged until these resources’ degradation and
depletion [3]. Yet, today, the quest for solutions to challenges through the adoption of inter-
and transdisciplinary approaches is imperative [1].

Global society requires that changes to people’s way of life occur; we must recognize
the fundamental role of water in supporting ecosystems and the pressures exerted by
human activities [4]. Human well-being and progress toward sustainable development
depend on the proper management of ecosystems to ensure their conservation amid
growing demands for ecosystem services [3]. More integrated, collaborative approaches
to resource management can ensure greater sustainable development and better scientific
knowledge by focusing on problem-solving in an integrated and satisfactory manner [5].

Thus, a series of water and environmental resource management frameworks is es-
sential for ensuring the sustainable and efficient use of natural resources. This series of
frameworks has different purposes, with a high degree of robustness and reliability in
facing all kinds of resource management challenges and issues. Diverse water and environ-
mental resource management approaches may include considering the entire water cycle,
adapting to and mitigating the impacts of climate change on water resources, addressing
challenges resulting from population growth and increased water demand, and ensuring
sustainable water supply and sanitation services in cities [6,7]. Although these general-
izations are applicable, each specific framework should be tailored to the local context,
considering factors such as water availability, socio-economic conditions, and environmen-
tal considerations [8–10]. With this in mind, we aim to identify the best frame of reference
for managing water and environmental resources. We must bear in mind that water and
environmental issues are significant global concerns and can vary depending on the region.
Water scarcity, water pollution, deteriorating water quality, inadequate sanitation, lack of
access to clean water, groundwater depletion, and the impacts of climate change are some
water-related problems that will require a multifaceted management approach that enables
us to prioritize sustainable water use, promote water-saving technologies, invest in water
treatment and sanitation infrastructure, and enhance awareness and education about water
conservation and protection [11–13].

Below, we will reference some works that address various elements used in our study,
such as management theoretical frameworks, MCDM, and the frequency of integrated
management concepts, since we could not find a single comprehensive work similar to
the one that we propose. Guerrero et al. [14] stated that the ecosystem approach (EA) to
water management complements current thinking on IWRM, the two sets being consistent
with each other; this is because EA principles have the potential to complement and enrich
IWRM practice. Calizaya et al. [15] identified the best solutions for existing conflicts in a
region with problems concerning water scarcity, thereby promoting interaction with the
parties in conflict and widening the scope to achieve a sustainable strategy. Using the
AHP method and based on the evaluation of economic, social, and environmental criteria,
Chávez and Osuna [16] used the PROMETHEE method to carry out a ranking study in
the countries of the European Union and determine which country is leading advances
toward sustainable development; they did so by using a set of criteria that are in conflict
with each other. Geng and Wardlaw [17], in the context of IWRM, included economic,
social, and environmental issues, applying MCDM to integrate different objectives in
the planning, management, and decision-making process. They identified a variety of
criteria in terms of economic, social, and environmental dimensions for use in their MCDM
analysis. The GWP [18] published a comparison of the relationship between the objectives
of the WFD and those of IWRM, wherein experiences of implementation, a review of the
progress made toward the adoption of IWRM in EU countries, and a review of the progress
being made to comply with the WFD were collated. Widianingsih et al. [19] analyzed the
scientific literature on watershed governance through a bibliometric analysis using the
Scopus database and the VOSviewer software, thus highlighting the quality and quantity
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of articles on basin governance around the world. Regarding word frequency, De Filippo
et al. [20], in their investigation of recurring key terms in IWRM and citizen science studies,
found that the most used words were management, public participation and governance,
sustainability, ecosystem, and conservation, all of which are related concepts within the
field of water resources.

Our original idea was to consider articles from 1990 to the present (at least until
2022) in order to incorporate the highest number of references regarding management
approaches. However, to our surprise, the documents consulted mainly referred to the four
classic approaches (IWRM, WFD, EA, and Ecohealth) and, to a lesser extent, the WGP and
SW. The search was challenging; we did not find many pertinent studies. Subsequently, the
period was narrowed down to 2015 using the SW approach because we did not find many
studies with similar characteristics to those shown in this work.

1.1. Motivation and Scope

The motivation for carrying out this study arose from the fact that we did not find
any published works similar to the one we propose herein. We attempted to answer the
question of which of the six integrated management theoretical frameworks is superior,
using both qualitative and quantitative analyses of these integrated management concepts.

We were able to answer this question in two stages. The first consisted of using the
AHP method, using our own experience in various sessions to qualitatively evaluate which
of the six alternatives was the best. For this evaluation, five management criteria were used
(governance, participation, sustainability, decentralization, and health and well-being).

Subsequently, the same question was answered again, only now we progressively
increased the number of criteria from 10 to 25; having done so, it was no longer profitable
to use the AHP method.

Thus, we decided to use two different multi-criteria methods, TOPSIS and PROMETHEE.
The first method determines the distance between alternatives by finding the ideal solution
and the non-ideal solution, and the second method determines this distance by ranking
the different alternatives. For this reason, we counted the frequency of the most relevant
management concepts from each theoretical framework, which served as inputs for the
two MCDM methods. By evaluating the criteria, we were able to produce new results.

This work uses different water–environmental resource management approaches,
the frequency of common concepts between the approaches consulted, and an MCDM
evaluation. In several of the works consulted, we found that these topics were unlinked.
For example, we did find related works with approach–approach, approach–MCDM, and
approach–bibliometrics/frequency links.

1.2. Contributions

With our analysis, we were able to verify that the WGP and the SW are novel ap-
proaches that are superior to classical approaches. Both adopt particularities and contribute
their own concepts, through which a more integrated approach is achieved.

Through principal components analysis applied to these management concepts, we
observed that some concepts have low relative importance or are poorly represented.

Our analysis allowed us to confirm two groups. The first is made up of the WGP,
Ecohealth, and EA, which are closely related, and the second is made up of IWRM, the
SW, and the WFD. Through our analysis of the main components, we identified that both
groups are independent. The former is more oriented to ecosystem management, and the
latter to water resources.

According to FNWA [1], it is important that the New Water Culture adopt a holistic
approach to water management and recognize its multiple dimensions (i.e., the ethical,
environmental, social, economic, and emotional values incorporated in aquatic ecosystems)
to build and respond to the challenges of the 21st century.
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1.3. Integrating Theoretical Frameworks

The great effort that has been put into the development of the six theoretical frame-
works for the integrated management of water–environmental resources is admirable.
However, it is both possible and recommended that these management approaches comple-
ment each other by incorporating elements from one or several other theoretical frameworks
since they can strengthen the existing frameworks. For example, IWRM, which is oriented
toward water resources, can be complemented by incorporating aspects of the EA, which
refers to ecosystem services, the selection of species, and the loss of biodiversity. The WGP,
which is oriented toward water governance, sustainable development, ecosystems, and
health and well-being, can be complemented by incorporating aspects of the SW, such
as adaptive and learning capacity, as well as distributive and procedural justice. Thus,
the WFD, which refers to achieving good ecological status in water bodies, may be well
complemented by aspects of Ecohealth, such as socio-ecological health, trans-disciplinarity,
and social equity. This will promote a more comprehensive knowledge base in management
approaches and allow a better approach to the problems and resources of basins. According
to FNWC [1], this will be achieved through the adoption of inter and transdisciplinary
approaches. Other clear examples are the approaches proposed by Parkes et al. [21] and
Schneider et al. [22].

1.4. Frameworks for Water–Environmental Resource Management

For a historical overview of the main water and environmental advances over four
decades, highlighting the variety of frameworks, including Integrated Water Resources
Management (IWRM) [23], the Ecosystem Approach to Health (Ecohealth) [24], the Ecosys-
tem Approach (EA) [25], and the Water Framework Directive (WFD) [26], see Figure 1.
Typically, these have been issued by national or international government agencies. Some
examples of these agencies are the International Conference on Water and the Environment
(ICWE), International Development Research Center of Canada (IDRC), Conference of
the Parties to the Convention on Biological Diversity (COP-CBD), and Parliament and
the Council of Europe, who established the Water Framework Directive. Parallel to such
broader management approaches, the Watershed Governance Prism (WGP) [21] and the
Sustainability Wheel (SW) [22] have primarily been developed by scientific research groups
rather than governmental institutions (Health Sciences Programs, University of Northern
British Columbia, Canada, and Centre for Development and Environment, University of
Bern, Switzerland), highlighting their peculiarity compared to the four existing approaches;
the WGP and SW are more robust and incorporate new notions (e.g., water governance
and water governance systems).

1.4.1. Integrated Water Resources Management (IWRM)

In 1987, the World Commission on Environment and Development (WCED) made
an urgent call for long-term environmental strategies to achieve sustainable development
and effectively address environmental concerns [27]. In 1992, the four principles of the
Declaration of Dublin on Water and Sustainable Development were presented, and since
then, they have become the strategic basis for IWRM [23]. It is important to mention the
four fundamental principles for water and sustainable development: (1) freshwater is
a finite and vulnerable resource, essential to sustaining life, development, and the envi-
ronment; (2) water development and management should be based on a participatory
approach, involving users, planners, and policymakers at all levels; (3) women play a
central part in the provision, management, and safeguarding of water; and (4) water has
an economic value in all its competing uses and should be recognized as an economic
good [28–30]. These principles laid the foundation for integrated water resource manage-
ment and sustainable development approaches. Accordingly, it is important to highlight
that, to this day, they continue to guide global efforts in water management and under-
score the importance of considering social, economic, and environmental aspects when
addressing water challenges [31]. IWRM involves a process that promotes the coordinated
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development and management of water, land, and related resources to maximize economic
and social well-being in an equitable manner, without compromising the sustainability
of vital ecosystems [32]. Subsequently, the relationship between IWRM and sustainable
development could be the next step toward a more coherent integration in water resource
management [5].
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1.4.2. Ecosystem Approach to Human Health (Ecohealth)

The International Development Research Center (IDRC) established the Ecosystem
Approaches to Human Health (Ecohealth) program in 1996–2001. The Ecohealth program
was initiated by the IDRC in collaboration with several international partners [24]. Its
primary goal is to promote research and action that recognizes the intricate connections
between ecosystems, human health, and sustainable development. Ecohealth emphasizes
interdisciplinary and participatory approaches to address complex health issues within
the context of ecosystems [33]. It focuses on understanding the interactions between the
ecological, social, and economic factors that influence human health and also supports
research projects that integrate natural and social sciences, involving multiple stakehold-
ers, such as researchers, communities, policymakers, and practitioners [24]. Ecohealth
suggests that human health and well-being are dependent on ecosystems, as both are the
result of ecosystem management [34]. For Webb et al. [35], public health was not a clear
focus before Ecohealth; however, now, it has been extended to other social, economic, and
environmental spheres. When scientists from various disciplines become involved and
participate in a community with decision makers, they can implement transdisciplinary
research [24,36]. Since its establishment, the Ecohealth program has contributed to advanc-
ing the field of ecohealth and strengthening collaboration between researchers, educators,
politicians, and communities in addressing health challenges within the broader context of
the ecosystem [24,37].

1.4.3. Ecosystem Approach (EA)

In 2000, during the Millennium Ecosystem Assessment (MEA) in Nairobi, Kenya,
the concept of the Ecosystem Approach was conveyed at the global political level as
a strategy for integrated management [25]. The MEA, a comprehensive assessment of
the world’s ecosystems, aimed to provide scientific insights into the consequences of
ecosystem change for human well-being. One of the key suggestions of the MEA was the
adoption of the Ecosystem Approach (EA) for the integrated management of land, water,
and living resources. The EA recognizes that ecosystems are complex and interconnected
systems and that their management should consider the interactions between ecological,
social, and economic factors. It focuses on understanding and addressing the drivers
of ecosystem change, as well as the impact of these changes on human well-being and
the sustainable use of resources. Moreover, it encourages interdisciplinary collaboration,
stakeholder engagement, and adaptive management strategies to foster the resilience and
sustainability of ecosystems. The MEA’s recommendations and the promotion of the
EA have since influenced global policies and frameworks, including the Convention on
Biological Diversity (CBD). The CBD recognizes the Ecosystem Approach as a key guiding
principle for the conservation and sustainable use of biodiversity. As mentioned above,
people, water, and nature are part of the same system; therefore, any and all water policies
must be incorporated into a comprehensive and systemic vision [3,25,38–41].

1.4.4. Water Framework Directive (WFD)

In 2005, the European Declaration for a New Water Culture (NWC) declared that
rivers, lakes, wetlands, and aquifers should be considered biosphere heritage sites. Their
management must thus be performed by communities and public institutions in a responsi-
ble and sustainable manner. The NWC proposes the conservation of ecosystems [1] and
clarifies and reinforces the proper implementation of the WFD [42]. The European Water
Framework Directive (WFD), adopted in 2000, is a key legislative instrument of the Euro-
pean Union (EU) that aims to achieve good water status for all European waters by 2027. It
emphasizes integrated river basin management, the protection of aquatic ecosystems, and
community involvement in decision-making processes [26]. The objective of the WFD is
that waters (rivers, lakes, estuaries, coastal waters, wetlands, aquifers) achieve an optimal
ecological status through the application of hydrological basin plans (HBPs) intended to
prevent water deterioration and prevent or limit the entry of pollutants into aquifers. There
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are six guiding principles of the WFD: (1) integrated river basin management; (2) environ-
mental objectives and monitoring; (3) stakeholder involvement; (4) water-related planning
and management measures; (5) economic analysis and cost recovery; and (6) international
cooperation. This European water policy is an instrument for rational water management,
establishing the natural limits of a basin and active citizen participation as a management
unit [1] and fostering the joint protection of surface and groundwater, inland, transitional,
and coastal waters [26,43–45].

1.4.5. The Watershed Governance Prism (WGP)

Parkes et al. [46,47] proposed a theoretical framework called the Prism Framework
of Health and Sustainability, which depicts the relationships between governance and
development, ecosystems, social systems, and health. Later, Parkes et al. [21] renamed it
the Watershed Governance Prism, which integrates four different perspectives of water
governance. Perspective A consists of water governance for sustainable development.
Perspective B consists of water governance for ecosystems and well-being. Perspective
C consists of water governance for the social determinants of health. Perspective D con-
sists of water governance designed to promote socio-ecological health. The integration of
and interaction between the four perspectives (A, B, C, and D) make up the Watershed
Governance Prism (WGP), which facilitates integrated watershed governance and allows
us to better understand the interactions between the four perspectives of water gover-
nance [21,48]. These perspectives aim to enhance understanding and decision making
related to ecosystem health and sustainable water management. The prism encourages a
transdisciplinary perspective and the integration of multiple stakeholders and knowledge
domains in order to foster sustainable and resilient water management. The WGP is thus a
contemporary approach that presents multiple facets of governance characterizing water
resource management by linking social and environmental aspects with the determinants
of health in a watershed context. The WGP is a tool for facilitating integrated watershed
governance and understanding across four visions of water governance that also promote
health, sustainability, and socio-ecological resilience [21]; in addition, it is a useful approach
for understanding complex links, specifically land–water interactions and the driving forces
of change (floods, droughts) that exert pressures on socio-environmental systems [19,48]. A
case of its application can be found in the work of Armas-Vargas et al. [49].

1.4.6. The Sustainability Wheel (SW)

Schneider et al. [22] and the Center for Development and Environment (CDE) de-
veloped a framework called the Sustainability Wheel. The Sustainability Wheel is a tool
designed to support sustainability assessments and decision-making processes. It aims
to provide a comprehensive and integrated view of sustainability by considering various
dimensions and indicators. Moreover, it combines social, environmental, and economic
dimensions to evaluate the sustainability of a particular context, project, or system. This
approach is often depicted as a graphical representation, resembling a wheel with multi-
ple spokes. Each spoke represents a specific dimension or aspect of sustainability, such
as biodiversity, water resources, energy, livelihoods, governance, or equity. Within each
dimension, relevant indicators or sub-indicators are identified to assess the sustainability
performance of a particular area. The SW combines the transparent identification of sustain-
ability principles, their regional contextualization based on their subprinciples (indicators),
and the scoring of these indicators through deliberative dialog among an interdisciplinary
team of researchers, which accounts for their various qualitative and quantitative research
results. The SW is advantageous in its capacity for structuring complex and heterogeneous
knowledge to attain a global perspective on water sustainability [22]. A sustainable future
for water is possible, although it depends largely on the social, economic, technical, and
institutional reforms that stakeholders are willing to undertake [50]. This approach (princi-
ples and indicators) is also applicable to other areas of study, and a case of its application
can be found in the work of Schneider et al. [51].
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From this brief description of six theoretical frameworks used to address issues re-
garding water and environmental resources in watersheds, a natural question arises: which
framework is the most effective? We were able to answer this question in two stages, as
described in the following section. The first consisted of using the AHP method (i.e., the
Analytic Hierarchy Process) to qualitatively evaluate which of the six alternatives was the
best. For this evaluation, five management criteria were used (governance, participation,
sustainability, decentralization, health and well-being). Subsequently, the same question
was answered again, only we progressively increased the number of criteria from 10 to 25;
in this context, it was no longer profitable to use the AHP method. Instead, we decided
to use two different multi-criteria methods: TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) and PROMETHEE (Preference Ranking Organization Method
for Enrichment Evaluations). The first determines the distance between alternatives by
finding the ideal solution and the non-ideal solution; the second does so by ranking the
different alternatives.

1.5. Multi-Criteria Decision-Making (MCDM) Methods

There are different types of MCDM methods that have been developed by different
authors in recent decades [52,53]. According to Pereira-Basílio et al. [54], there are five
methods that are most commonly used in various areas of knowledge (AHP, TOPSIS,
VIKOR, PROMETHEE, and ANP); however, they highlight the AHP method. Below is the
central idea of the MCDM method that we use in this work:

The AHP is a multi-criteria decision-making (MCDM) method [55], widely used for
evaluating and determining alternatives in problem-solving. It is a structured method that
optimizes decision making when there are multiple attributes (criteria), doing so through
the discretization of a problem. The AHP is a technique based on pairwise comparisons
and is generally composed of four stages, defined below as the implementation procedure.
Its application is simple; more details on this mathematical approach are provided by
Saaty [55], Triantaphyllou and Mann [56], Blachowski [57], and Bivina and Parida [58].

TOPSIS is a multi-criteria method proposed by Hwang and Yoon [59], used to deter-
mine the best alternative based on the concept of the compromise solution. Its main idea
is to choose the best alternative that is nearest to the positive ideal solution (the optimal
solution) and furthest from the negative ideal solution (the inferior solution). Then, the
superior of these two is chosen and thereby deemed the best alternative.

PROMETHEE is a multi-criteria decision technique developed by Brans et al. [60];
it is based on outranking techniques, through which we are able to study how good or
bad an alternative is compared to another. It is one of the best-known and most widely
applied outranking methods [61] and generally follows the sequence (1) preference function;
(2) comparison between alternatives; (3) alternative comparison; (4) criteria matrix, partial
rankings; and (5) final ranking of alternatives [62].

1.6. MCDM Associations

For Soares de Assis et al. [63], the rise of new techniques and their integration with
prior associations and fuzzy sets mean that decision makers now have just over 30 methods
at their disposal. The main discrepancies between these methods are the complexity of the
algorithms, the criteria weighting methods, the way in which preference evaluation criteria
are represented, the possibility of uncertain data, and the type of data aggregation [64].

Wątróbski et al. [65] proposed a new method called the Data vARIability Assessment-
Technique for Order of Preference by Similarity to Ideal Solution (DARIA-TOPSIS). The
TOPSIS method has shown its usefulness in solving multi-criteria decision-making prob-
lems in several domains [66]. This fact, combined with the simplicity of its algorithm,
contributed to the basis for developing a new multi-criteria method that considers the
variability of the efficiencies of alternatives over time. The DARIA-TOPSIS method pro-
vides aggregated efficiency results regarding the performance of the evaluated alternatives,
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considering the dynamics of the changes within the investigated time range. The authors
provide a publicly available library, called pydaria, for use in the Python environment.

The Characteristic Objects METhod (COMET) is based on Triangular Fuzzy Numbers
(TFN) [67]. A pairwise comparison of the determined Characteristic Objects (CO) enables
relationships between criteria-based TFN to be established; the rule base is then defined
and the preference values are calculated [68,69]. This method is completely free of the rank
reversal phenomenon, much like the SPOTIS method [70]. The SAPEVO method (Sim-
ple Aggregation of Preferences Expressed by Ordinal Vectors–Multiple Decision Makers)
allows for the evaluation of a single decision maker. This advanced version extends the
method to multiple decision makers; in addition, it introduces a process of standardization
of the evaluation matrices, which increases the consistency of the model [71]. Another
method is COmplex PRoportional Assessment (COPRAS), which assumes a direct and
proportional relationship between the importance of the decision variants examined [72,73].
This technique ranks alternatives based on their relative importance [74].

The PROMETHEE methods are another family of superior methods, which include
PROMETHEE I, II, III, IV, V, and VI, as well as GDSS, TRI, and CLUSTER [75]. The modeling
technique proposed by Moreira et al. [76] determines a new extension present in the family
of PROMETHEE methods, in which the integration of the original modeling of the method
with the evaluation techniques by ordinal inputs of the SAPEVO method is carried out [77].
This hybrid method represents the integration of two methodological concepts: one for
cardinal evaluation (PROMETHEE) and the other for ordinal evaluation (SAPEVO) [78,79].

1.7. The Future Potential of MCDM

MCDA (Multi-Criteria Decision Analysis) methods are very useful, as they allow
us to deal with multiple, often contradictory, criteria in a structured way and consider
different preferences. In energy debates, there are many different, and often conflicting,
sustainability criteria and viewpoints among stakeholders [80]. The field of application of
multi-criteria methods is wide and diverse. For example, they can be used to select sites
for the installation of solar and wind power plants, assess the impact of volcanic hazards,
select hotel locations for the tourism sector, select optimal irrigation plans, classify bridges
affected by corrosion, manage water resources and health, and even aid in the selection
of mobile devices. There is no limit to the field of their application; however, Villa-Silva
et al. [81] revealed, in their compilation from 1980 to 2018, that the sectors of greatest
interest for the application of multi-criteria methods involve the selection of suppliers and
projects.

Although there is extensive information on the web concerning the implementation of
MCDM methods, either for self-teaching or storing in Excel sheets, Kizielewicz et al. [82]
developed an open source proposal for the Python 3 library called pymcdm. It is designed
to address decision making using MCDA/MCDM approaches and includes classic and
new methods for decision making. The library is available through the Python Package
Index (PyPi) and is easy to install and update. It has also been uploaded to the GitLab
repository under the MIT license, making it even more accessible. The pymcdm library
consists of several modules designed for different MCDA/MCDM problems. It includes
tools related to the evaluation of alternatives, the determination of optimal solutions and
the relevance of criteria, comparative analysis, and visualization. Herein, we present a brief
overview of the framework of the pymcdm library:

• Methods (fifteen MCDA/MCDM evaluations):

ARAS, COCOSO, CODAS, COMET, COPRAS, EDAS, MABAC, MAIRCA, MARCOS,
MOORA, OCRA, PROMETHEE, SPOTIS, TOPSIS, and VIKOR.

• Weights (ten methods for determining the relevance of criteria):

Equal weights, entropy weights, standard deviation weights, MEREC, CRITIC, CILOS,
IDOCRIW, angle weights, Gini weights, and variance weights.
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• Normalizations (eight normalization methods categorized by profit/cost criteria):
min–max, max, sum, vector, logarithmic, linear, nonlinear, and enhanced accuracy.

• Correlations (six correlation/similarity coefficients):

Spearman’s rank correlation coefficient, Pearson correlation coefficient, weighted
Spearman’s rank correlation coefficient, rank similarity coefficient, Kendall rank correlation
coefficient, and Goodman and Kruskal’s gamma coefficient.

• Visuals (functions for visualizing important MCDA/MCDM data):

COMET charts, weight charts, PROMETHEE charts, correlation charts, and rank-
ing charts.

The provision of a wide range of approaches, the high performance and consistency
of the software, and its small size are what distinguishes the pymcdm library from other
software, making it a tool with great potential for decision makers [82].

1.8. Use of Multi-Criteria Normalization Techniques

Normalization is a necessary step for the selection of an alternative or criterion; it
has two attributes: cost (down) and benefit (up). Several normalization methods have
been proposed, where rij is the normalized value of xij that represents the nominal value of
attribute j [83]. The most recurrent normalization methods are min–max, max, sum, vector,
logarithmic, linear, nonlinear, and enhanced accuracy [82,84,85]. Several normalization
techniques have been proposed, and some of them are used for specific MCDM methods.
For example, the vector normalization method is used within the TOPSIS method, and the
sum is implemented within the AHP. It should be noted that there is no consensus among
researchers on the conditions in which to use each specific normalization technique [85].
Some equations are linear, but the user is free to use other functions if they are considered
to fit the problem better based on knowledge or experience [86]. For example, Jahan and
Edwards [84] found just over 30 normalization methods, highlighting, in addition to the
eight techniques already mentioned, the Markovic method [87], Zavadskas and Turskis
normalization [88], the target-based normalization technique [89], and the distance for
target criteria [90], among others.

In the study by Vafaei et al. [85], the authors stated that max–min normalization is
considered the best technique. However, they proposed a conceptual model to help decision
makers select the most appropriate normalization technique for their decision-making
problems. This model consists of three phases that distinguish the types of data from the
matrices using different methods of normalization and the application of metrics (Euclidean
distance, standard deviation, mean ks (from a Pearson’s correlation), ranking consistency
index, and mean squared error). Within our work, due to its scope, we used both our
normalization methods and common methods used in multi-criteria methods, these being
the semi-linear normalization method (vector) for TOPSIS, the linear normalization method
(max–min) for PROMETHEE, and linear normalization (sum) for the AHP.

2. Materials and Methods
2.1. Main Focal Documents for Each Framework

Table 1 shows the main frameworks for management and the essential documents we
used in our AHP, which were published from 1990 to 2015. In this study, we define the
IDRC’s book Ecohealth, written by Lebel et al., as an original source. Concerning Parkes
et al. [21] and Schneider et al. [22], although theirs are scientific articles, we consider them
management approaches for the purposes of this work due to their integration of water
and socio-environmental issues.
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Table 1. Main references for each approach.

Framework Source Author(s)

IWRM The Dublin statement and report from the conference. International Conference on Water and
the Environment [23]

Ecohealth Ecohealth, an ecosystem approach. [24]

EA Conference of the parties under the Convention on
Biological Diversity Convention on Biological Diversity [25]

WFD
Directive 2000/60/EC of the European Parliament and of the
Council establishing a community framework for action in the field
of water policy.

[26]

WGP Toward integrated governance for water, health, and
social-ecological systems: the Watershed Governance Prism. Parkes et al. [21]

SW Assessing the sustainability of water governance systems: the
Sustainability Wheel. Schneider et al. [22]

2.2. Similarities between Management Frameworks

Although the aforementioned focal approaches are distinct, we found that they share
some terms and/or literary concepts in common; we did so by comparing their main
characteristics, i.e., the principles, pillars, and objectives that support and govern each
framework. Figure 2 is a simple diagram, wherein the terms governance, decentralization,
participation, sustainability, quantity and quality, access to water, water resources, pollution,
etc., are at the center. These terms are common among the six approaches. On the sides
of the diagram, the specific and relevant characteristics of each approach are indicated.
In the case of the WFD, some of its unique aspects are achieving the optimal ecological
status of water bodies while integrating deltas, estuaries, and coastal platforms. In the
WGP, the social determinants of health and the promotion of socio-ecological health are
elementary concepts. The EA’s focus on understanding and managing ecosystems in an
economic context and within the limits of their functions is unique. In the SW, adaptive
and learning capacity, as well as distributive and procedural justice, are intrinsic elements.
In Ecohealth, trans-disciplinarity and social and ethnic equity are essential and specific
aspects; in IWRM, the role of women and water resources (surface and groundwater) are
characteristic emphases.

2.3. Analytic Hierarchy Process
2.3.1. Definition of the Objective or Representation of the Problem

This process consists of representing the problem through a hierarchical structure
(commonly) of three subordinate levels, indicating the objective to be achieved, the crite-
ria/attributes, and the alternatives to be compared. Figure 3 shows the implementation
of each stage to be developed. Its purpose is to determine which of the six management
approaches (or alternatives) is the best by comparing their attributes or criteria (such as
governance, participation, sustainability, decentralization, and health and well-being) with
each of these six alternatives for water–environmental management.

2.3.2. Evaluation of the Criteria

Matrix A was constructed to compare the five criteria and calculate their relative im-
portance (management criteria). For this case, a criteria matrix of five rows by five columns
was constructed, as shown in Table 2. A relative-importance scale rating was assigned
to each comparison to ascertain which of these two criteria is more or less important;
when two have the same importance, the evaluation is 1. Table 2 shows the comparative
evaluation of the five criteria; for example, to determine whether governance is more or
less important than participation. It was deemed that governance is slightly less important
than participation, and thus a value of 1/3 was assigned. Therefore, it is common that
participation is slightly more important than governance, which is why it has a value of 3.
That is to say, without participation, there is no governance. Similarly, sustainability and
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health and well-being lose meaning or relevance once governance becomes less important
(see Figure 4a for the comparisons considered in this study).
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Table 2. Comparison Matrix A: Defining the relative importance of the criteria (xij).

Criteria Governance Participation Sustainability Decentralization Health and
Well-Being

Governance 1 1/3 3 1 3
Participation 3 1 6 3 5
Sustainability 1/3 1/6 1 1/3 1

Decentralization 1 1/3 3 1 2
Health and well-being 1/3 1/5 1 1/2 1

Σ= 5.67 2.03 14.00 5.83 12.00
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From Matrix A (or comparison by pairs, Table 2), the normalized matrix (A’) was gener-
ated by dividing each value of Matrix A by the total of its respective column (Table 3). Of the
six matrices generated, below, we indicate the procedure generated for the criterion–criteria
matrix using an example. Normalization is necessary for the selection of an alternative or
criterion; this is achieved using two attributes: cost (−) and benefit (+) [83]. For Matrix
A, we only considered positive criteria. The normalized value rij was calculated using
(Equations (1) and (2)):

r+ij =
xij

∑n
i=1 xij

; i = 1, . . . , n; j = 1, . . . , m (1)

r−ij =
1/xij

∑n
i=1 1/xij

; i = 1, . . . , n; j = 1, . . . , m (2)

Table 3. Normalized Matrix A’ and the relative weight of each criterion (w).

Criteria Governance Participation Sustainability Decentralization Health and
Well-Being ΣH= w w%

Governance 0.18 0.16 0.21 0.17 0.25 0.98 0.20 20
Participation 0.53 0.49 0.43 0.51 0.42 2.38 0.48 48
Sustainability 0.06 0.08 0.07 0.06 0.08 0.35 0.07 7

Decentralization 0.18 0.16 0.21 0.17 0.17 0.89 0.18 18
Health and
well-being 0.06 0.10 0.07 0.09 0.08 0.40 0.08 8

ΣV= 1 1 1 1 1 5 1 100

Subsequently, the total horizontal sum of each row of the normalized matrix was
calculated to determine the relative weight of each criterion (w). This previous result is also
known as a relative priority vector (Table 3). The inconsistency ratio (IR) incurred when
assigning the evaluations was calculated using the consistency index (CI) and the random
consistency index (RCI). The CI is a function of the size of the matrix (n) and the maximum
eigenvector (λmax), and the RCI is derived from the size of the matrix (n), which is the
number of criteria. Finally, having obtained the IR (%), this value should be below 10%; if a
value is outside this range, the procedure should be repeated until acceptance is achieved
(Table 4). Notably, this procedure can also be applied to the selection of alternatives.
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Table 4. Summary of the evaluations of each comparison matrix.

No. Comparison n λmax CI RCI IR < 10%

I Criterion by criterion 5 5.04 0.01 1.12 0.9%
II Criterion 1 for the 6 alternatives 6 6.45 0.09 1.24 7.2%
III Criterion 2 for the 6 alternatives 6 6.89 0.18 1.24 8.7%
IV Criterion 3 for the 6 alternatives 6 6.55 0.11 1.24 8.8%
V Criterion 4 for the 6 alternatives 6 6.37 0.07 1.24 5.9%
VI Criterion 5 for the 6 alternatives 6 6.52 0.10 1.24 8.4%

2.3.3. Evaluation of the Alternatives

In addition to the criteria matrix, five matrices (order 6× 6) were constructed, in which
the six alternatives corresponding to each criterion were compared. For example, Figure 3
shows that the “governance” criterion refers to each of the six management alternatives
using a continuous line. Notably, in the construction of these five matrices, we followed the
procedure cited in Section 2.3.2. Table 4 summarizes the parameters evaluated using the
comparison matrix, first between criteria (row I). Then, each criterion is compared with the
six alternatives (rows II to VI). Hence, all the IR values are within the tolerance margin of
less than 10%.

2.3.4. Hierarchy of Alternatives

Finally, to define which of the six alternatives or frameworks is the most relevant with
respect to the five management criteria used, following Saaty [55], Triantaphyllou and
Mann [56], Blachowski [57], and Bivina and Parida [58], we multiplied each component
in the weight matrix of the criteria by the corresponding weight matrix of each of the
alternative matrices. The value closest to 1 (or 100%) was chosen as the best option.

2.4. Limitations of the AHP and Selection

Regarding the application of the AHP to the five management criteria, although it
is a simple technique when few criteria and alternatives are used, it demands time, as
well as knowledge of the objective problem. Therefore, we did not continue using this
MCDM method because we needed to evaluate twenty more criteria, making it difficult to
evaluate the decision-making process in each management approach to determine the one
that presents the best performance.

Accordingly, we decided to use two more MCDM methods. The first was the Tech-
nique for the Order of Preference by Similarity to Ideal Solution (TOPSIS) method, which,
according to Ture et al. [91] and Tzeng and Huang [92], is a method for analyzing multiple
criteria decisions via Euclidean distance. The second method was the Preference Ranking
Organization Method for Enrichment Evaluations (PROMETHEE), which hierarchically
orders a set of alternatives [93]. To select the best MCDM method, the following steps
were necessary:

1. The five criteria and the six alternatives were evaluated again using TOPSIS and
PROMETHEE.

2. The results obtained from the AHP (for the five criteria) were compared to the TOP-
SIS and PROMETHEE results in order to calibrate and choose the best adjustment
coefficient.

3. The Pearson and Spearman correlation coefficients were evaluated using the AHP-
TOPSIS and AHP-PROMETHEE methods to select the one closest to the value of 1.

4. Once the method with the highest correlation value was chosen, it was assumed that
the model had been adjusted (to the AHP method). Therefore, it was used to evaluate
the twenty management criteria, considering that the model was able to extrapolate
the results.

5. The management criteria were contamination/pollution, access, social, water re-
sources, resilience, economic, ecosystem, water uses, development, quality and quan-
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tity, stakeholders, scale/level, water, groundwater, human, environment, demand,
issues/problems, watersheds/basin, and agriculture.

6. After counting the frequency of the twenty-five management criteria in the six docu-
ments consulted (Table 5), we evaluated them using the selected method in order to
simulate or predict what would be the best approach for the 10, 15, 20, and 25 man-
agement criteria.

Table 5. Frequency of words found in the six sources consulted (Matrix B).

Approach\Criteria Governance Participation Sustainability Decentralization Health and Well-Being

IWRM 0* 21 56 1 25
Ecohealth 0* 50 23 1 120

EA 8 15 51 6 3
WFD 0* 3 17 0* 3
WGP 105 16 29 0* 188
WS 50 9 72 0* 7

Total sum 166 114 248 11 346
Max 105 50 72 6 188
Min 0 3 17 0 3

Max–Min 105 47 55 6 185

Notes: (1) The word government was not included in the documents, as it has connotations that are different
from those of governance. With respect to the terms governance and governance of water, although they are
concepts that differ, they were accounted for. In the cells with 0*, a value of 1 was assigned to the entropy method.
(2) In the documents consulted, words with similar derivatives, such as participate and participation; sustainable
and sustainability; decentralized, decentralization, and decentralize; and health, welfare, and well-being, were
considered. (3) The word count essentially comprised the main content, excluding the index, abstract, prologue,
references, and names of institutions.

2.5. Inputs for TOPSIS and PROMETHEE

Table 5 presents the frequency of the terms most often cited in the body of the consulted
approaches, showing their importance or irrelevance at the time of the citation. For example,
in 1992, IWRM did not include the concept of governance, as such; however, the concepts of
“participation and sustainability” (and their related derivations) were relevant throughout
the document, followed, to a lesser extent, by “health and well-being” (or welfare), as well
as the concept of “decentralization”, which was cited on one occasion. At the beginning
of the current millennium, in the EA and the WFD approaches, the terms “governance”,
“decentralization”, and “health and well-being” appeared to a lesser extent, in contrast to
“sustainable”, which had 51 and 17 citations in the respective reference documents. Finally,
the WGP and SW had greater coverage of all the cited terms, except for “decentralization”.

2.6. Entropy Method

Due to the varying importance of each criterion in an MCDM problem, the weighting
process of the criteria must be carried out using the performance of the objective compo-
nent [94]. This is an objective method of assigning weights (wj), which are determined
based on evaluations of the decision matrix, without influencing the preferences or bias
of the decision maker [95]. In Shannon and Weaver [96], Zhu et al. [97], and Moradian
et al. [94], the procedure for determining the weights (wj) using the entropy method (Ej) is
as follows:

(I) From the decision matrix (B), with m alternatives and n criteria, the normalized
matrix rij is calculated and defined using Equation (3) (using the values from Table 5):

rij =
xij

∑m
i=1 xij

; i = 1, . . . , m; j = 1, 2 . . . , n (3)

Table 6 shows the results of evaluating the sum (linear) normalization technique under
the benefit criterion condition of use.
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Table 6. Normalized Matrix B using the sum (linear) technique.

Approach\Criteria Governance Participation Sustainability Decentralization Health and Well-Being

IWRM 0.01 0.18 0.23 0.09 0.07
Ecohealth 0.01 0.44 0.09 0.09 0.35

EA 0.05 0.13 0.21 0.55 0.01
WFD 0.01 0.03 0.07 0.09 0.01
WGP 0.63 0.14 0.12 0.09 0.54
WS 0.30 0.08 0.29 0.09 0.02

(II) The entropy (Ej) level of each criterion is calculated (Equation (4)):

Ej = −k ∗∑m
i=1(rij ∗ logrij) j = 1, 2 . . . , n; 0 ≤ Ej ≤ 1 (4)

where k = 1
log(m)

, and m is the number of alternatives to be analyzed (see Table 7).

Table 7. Summary of the entropy components: level (E), variation (D), and weight (w).

Component Governance Participation Sustainability Decentralization Health and
Well-Being

Ej = 0.50 0.84 0.94 0.79 0.59
Dj = 0.50 0.16 0.06 0.21 0.41
wj = 0.37 0.12 0.05 0.15 0.31

(III) The more similar the rij considered, the greater the entropy Ej of a criterion.
However, it is in our interest to measure the variation (Dj) from the entropy (Ej), and then
calculate the complement using Equation (5):

Dj =
∣∣1− Ej

∣∣ j = 1, 2 . . . , n (5)

(IV) Entropy weights (Equation (6)) are calculated using normalized values of the
divergence, Dj:

wj =
Dj

∑n
j=1 Dj

= 1; j = 1, 2 . . . , n (6)

2.7. TOPSIS Method

The multi-criteria method for decision making called TOPSIS, developed by Hwang
and Yoon [59], is useful for evaluating complex systems [98,99]. TOPSIS essentially uses
the principle of the shortest ideal approximation (found using closeness to the ideal), as
indicated below. It determines the best alternative based on the shortest Euclidean distance
from the positive ideal solution (PIS) and the furthest Euclidean distance from the negative
ideal solution (NIS).

Using the information from Table 5, the TOPSIS method was evaluated. Below, we
outline the procedure used to determine the best alternative, using an example.

The algorithm generally proceeds via the following steps:
(I) The construction of the decision matrix begins the process, starting from m alterna-

tives Ai, i = 1, 2, . . ., m, that are evaluated based on the criteria Cj, j = 1, 2, . . ., n, where xij
represents the valuation of the alternative Ai with respect to the criterion Cj and, W = [ w1,
w2, . . ., wn].

(II) The normalization of the decision matrix (Equation (7)):

rij =
xij√

∑n
i=1 x2

ij

; i = 1, . . . , n; j = 1, . . . , m (7)



Only
 fo

r re
ad

ing
 

Do n
ot 

do
wnlo

ad

Water 2023, 15, 2991 18 of 34

Table 8 shows the results of evaluating the vector (semi-linear) normalization technique
under the benefit criterion condition of use.

Table 8. Normalized Matrix B using the vector technique.

Approach\Criteria Governance Participation Sustainability Decentralization Health and Well-Being

IWRM 0.00 0.35 0.50 0.16 0.11
Ecohealth 0.00 0.84 0.21 0.16 0.53

EA 0.07 0.25 0.45 0.97 0.01
WFD 0.00 0.05 0.15 0.00 0.01
WGP 0.90 0.27 0.26 0.00 0.84
SW 0.43 0.15 0.64 0.00 0.03

(III) Calculation of the weighted normalized decision matrix (Equation (8)):

vij =
(
rij
)(

wj
)
; i = 1, . . . , n; j = 1, . . . , m (8)

Table 9 shows the results of multiplying the normalized matrix by the weights of each
criterion, wj (see Table 7).

Table 9. Calculation of the ideal best and ideal worst values.

Approach\Criteria Governance Participation Sustainability Decentralization Health and Well-Being

IWRM 0.00 0.04 0.02 0.02 0.03
Ecohealth 0.00 0.10 0.01 0.02 0.16

EA 0.03 0.03 0.02 0.15 0.00
WFD 0.00 0.01 0.01 0.00 0.00
WGP 0.34 0.03 0.01 0.00 0.26
WS 0.16 0.02 0.03 0.00 0.01

(IV) Determination of the positive ideal solution (PIS) and the negative ideal solu-
tion (NIS):

A+ =
(
v+1 , v+2 , . . . , v+n

)
A− =

(
v−1 , v−2 , . . . , v−n

)
where

v+j =
[
(max vij(x)|j ∈ j1), (min vij(x)|j ∈ j2)

]
; i = 1, . . . , m

v−j =
[
(minvij(x)|j ∈ j1), (max vij(x)|j ∈ j2)

]
; i = 1, . . . , m

where j1 and j2 denote the negative and positive criteria, respectively.
Table 10 shows the evaluation of the positive and negative ideal solutions of each

management criterion.

Table 10. Summary of the PIS and NIS of each criterion.

Ideal Solution Governance Participation Sustainability Decentralization Health and Well-Being

A+ 0.34 0.10 0.03 0.15 0.26
A− 0.00 0.01 0.01 0.00 0.00

(V) Calculation of the distance from the positive and negative ideal solutions.
The Euclidean distance from the ideal best solution (Equation (9)) is calculated

as follows:

d+i =

√
∑n

j=1

[
vij(x)− v+j (x)

]2
; i = 1, . . . , m (9)
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The Euclidean distance from the ideal worst solution (Equation (10)) is then calculated
as follows:

d−i =

√
∑n

j=1

[
vij(x)− v−j (x)

]2
; i = 1, . . . , m (10)

Finally, Table 11 shows the results of calculating the best and worst Euclidean distances,
as well as the relative proximity and the ranking of the best alternative (which is the WGP).

Table 11. Summary of Euclidean distances, relative proximities, and rankings.

Approach d+
i d−i Ri Rank

IWRM 0.43 0.06 0.11 5
Ecohealth 0.37 0.19 0.33 2

EA 0.41 0.15 0.28 4
WFD 0.46 0.00 0.00 6
WGP 0.17 0.42 0.72 1
SW 0.35 0.16 0.32 3

(VI) Calculation of the relative proximity Ri to the ideal solution (Equation (11)):

Ri =
d−i(

d+i + d−i
) ; i = 1, . . . , m (11)

As long as the relative proximity Ri is closer to the value of 1, the alternative is at a
shorter distance from the positive ideal solution and at a longer distance from the negative
ideal solution, leading to the final placement of the alternatives in descending order.

2.8. PROMETHEE Method

PROMETHEE is a multi-criteria decision technique that establishes a hierarchical
ordering of a set A of alternatives through the evaluation of k criteria, g1, g2, . . ., gk. It
requires that each criterion g1 be associated with a generalized criterion Pj(x), assessing the
preference for an alternative with respect to an alternative b as a function of the difference
between evaluations, gj(a)− gj(b) [93]. It is common for the values of the weights (wj) to be
known before using this method and to normalize the decision matrix using the attributes
of beneficial or nonbeneficial criteria, with Equations (12) and (13), respectively.

Rij =
xij −Min(xij)

Max(xij)−Min(xij)
; i = 1, . . . , m; j = 1, 2 . . . , n (12)

Rij =
Max(xij)− xij

Max(xij)−Min(xij)
; i = 1, . . . , m; j = 1, 2 . . . , n (13)

where xij is the performance value of the ith alternative (m) to the jth criterion (n). Below,
we indicate the procedure used in PROMETHEE to determine the best alternative (using
data from Table 5).

Table 12 shows the results of evaluating the max–min (linear) normalization technique
under the benefit criterion condition of use.

Table 12. Normalized Matrix B using the max–min (linear) technique.

Approach\Criteria Governance Participation Sustainability Decentralization Health and Well-Being

1 (1) 0.00 0.38 0.71 0.17 0.12
2 0.00 1.00 0.11 0.17 0.63
3 0.08 0.26 0.62 1.00 0.00
4 0.00 0.00 0.00 0.00 0.00
5 1.00 0.28 0.22 0.00 1.00
6 0.48 0.13 1.00 0.00 0.02

1 = IWRM, 2 = Ecohealth, 3 = EA, 4 = WFD, 5 = WGP and 6 = SW.
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(I) Determination of deviation (dj) via pairwise comparison (Equation (14)):

dj(a, b) = gj(a)− gj(b) (14)

where dj(a, b) denotes the difference between the evaluations of a and b on each criterion.
The data in Table 13 were obtained by subtracting the data pairs from Table 12, which,

for the purposes of this explanation (Table 13), only shows an extract of the complete
procedure (omitting the comparisons for d2-1 to d2-6, d3-1 to d3-6, d4-1 to d4-6, d5-1 to d5-6, and
d6-1 to d6-5).

Table 13. Deviation (dj) by pairwise comparison from Table 12.

Governance Participation Sustainability Decentralization Health and
Well-Being

d1-2 0.00 −0.62 0.60 0.00 −0.51
d1-3 −0.08 0.13 0.09 −0.83 0.12
d1-4 0.00 0.38 0.71 0.17 0.12
d1-5 −1.00 0.11 0.49 0.17 −0.88
d1-6 −0.48 0.26 −0.29 0.17 0.10

(II) Definition of the preference index (P) multi-criteria (Equations (15) and (16)):

π(a, b) = ∑k
j=1 P(a, b) ∗ wj (15)

π(b, a) = ∑k
j=1 P(b, a) ∗ wj (16)

where wj > 0, (j = 1, 2, . . ., k) is the weight of importance associated with criterion j, where

∑k
j=1 wj = 1.

The data in Table 14 were obtained by multiplying the pairwise comparison deviations
(dj) (from Table 13) by the importance weights (wj) (from Table 7). Similarly, only one
extract is presented because it is of the same order as the previous table.

Table 14. Aggregate preference index (P) multi-criteria.

Governance Participation Sustainability Decentralization Health and
Well-Being ΣH=

d1-2 0.00 0.00 0.03 0.00 0.00 0.03
d1-3 0.00 0.01 0.00 0.00 0.04 0.06
d1-4 0.00 0.04 0.03 0.03 0.04 0.14
d1-5 0.00 0.01 0.02 0.03 0.00 0.06
d1-6 0.00 0.03 0.00 0.03 0.03 0.09

Table 15 shows an n × n matrix, which depends on the number of alternatives, which
in this case was six. This aggregate preference matrix (with diagonal zeros) contains the
sum of the data in Table 14, with a transposed arrangement in the IWRM row in Table 15.

Table 15. Aggregate preference function matrix.

IWRM Ecohealth EA WFD WGP SW ∑xεA π(a, x)

IWRM 0 0.03 0.06 0.14 0.06 0.09 0.37
Ecohealth 0.23 0 0.28 0.34 0.11 0.31 1.28

EA 0.16 0.18 0 0.24 0.17 0.17 0.92
WFD 0.00 0.00 0.00 0 0.00 0.00 0.00
WGP 0.65 0.49 0.66 0.72 0 0.51 3.03
SW 0.19 0.22 0.17 0.25 0.04 0 0.87

∑xεA π(x, a)= 1.22 0.92 1.17 1.70 0.38 1.08
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(III) Determination of the flow of overcoming, or of positive and negative relevance:

∅+(a) =
1

n− 1 ∑xεA π(a, x) (17)

∅−(a) =
1

n− 1 ∑xεA π(x, a) (18)

Two management flows are considered, the outgoing and the incoming, which reflect
the degree to which an alternative a dominates or is dominated; they are defined by
Equations (17) and (18), where n is the number of alternatives.

(VI) Calculation of the net flow of relevance (net outranking flow) (Equation (19)):

∅(a) = ∅+(a)−∅−(a), (19)

sometimes rewritten in the following form (Equation (20)):

∅(a) =
1

n− 1 ∑k
j=1 ∑xεA

[
Pj(a, x)− Pj(x, a)

]
∗ wj (20)

so that an alternative a will surpass another b if ∅+(a) > ∅−(a), and they will be indifferent
if ∅+(a) = ∅−(a) [93]. Finally, Table 16 shows a summary of the net flow of overcoming the
alternatives, indicating the WGP as the best alternative and the WFD as the least effective.

Table 16. The net flow of relevance (net outranking flow).

Approach Positive ∅+(a) Negative ∅−(a) Net Value ∅(a) Ranking

IWRM 0.07 0.24 −0.17 5
Ecohealth 0.26 0.18 0.07 2

EA 0.18 0.23 −0.05 4
WFD 0.00 0.34 −0.34 6
WGP 0.61 0.08 0.53 1
SW 0.17 0.22 −0.04 3

3. Results and Discussion
3.1. AHP and the Best Management Alternative

According to the authors of [100], decision makers must have an excellent under-
standing of the selection process. Figure 4a shows the results of our comparisons of the
five management criteria. The concept of “participation” had a 48% priority, which was
greater than the other criteria, and thus represents the highest priority. For Andersson
and Ostrom [101], success in institutions is achieved through participation across multiple
scales, with participants gaining experience in the focal environment. The subsequent
criteria with a high priority were “governance” and “decentralization”, with 20% and 18%,
respectively. For Domínguez [2], participation, interaction, and organization among society,
government, and academia contribute to improving water governance in basins; this will
enable us to adequately manage water resources and provide water services to different
levels of society. Water governance is implemented whenever resource management or-
ganizations establish an effective policy, together with an appropriate legal framework,
to regulate and manage water to respond to environmental, economic, and socio-political
needs. Within the CBD [25], management should be decentralized to the lowest appropriate
level, that is, where decentralized systems can lead to greater efficiency, effectiveness, and
equity. Management must involve all stakeholders and balance local interests with the
public interest. The closer the managing agents are to the ecosystem, the greater their
responsibility, accountability, participation, and use of local knowledge. According to
Lebel [24], if people are not in good health, development cannot be sustainable. Thus, the
criteria of “sustainable” and “health and well-being”, with 7% and 8% priority, respectively,
depend on the three above-mentioned criteria to enhance them.
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In Figure 4b–f, the results we obtained from the AHP are shown, comparing each
criterion with each alternative. They present the best results (Figure 4b), with 38% and
36% for the WGP and SW, respectively, whereby the concept of “governance” was more
important for both management approaches. The opposite occurs for IWRM and Ecohealth,
where across the years, in the documents listed in Table 4, this concept was not discussed
or cited in general. In the case of the EA and WFD, both present in the year 2000, the
priority of this concept stood out, with an average between 11% and 8%, respectively; it
was expressed minimally within these frameworks. Notably, our evaluations in Figure 4b–f
were based on our own experiences, group sessions, and literature review. For Saldaña
and Bonrostro [102], an advantage of the AHP is that it enables us to make any necessary
corrections, as indicated by our validation of the consistency index (CI).

In Figure 4c, the “participation” criterion is shown to be an average trend among the
six alternatives, with the highest value found for Ecohealth, at 23%; the minimum value,
at 12%, was found for the SW. Therefore, “participation” was a coinciding and essential
criterion in every approach; thus, it should be considered necessary. Hence, considering
the importance of new (transdisciplinary) knowledge, Lebel [24] emphasized that scientists
from various disciplines must contribute their knowledge and skills to both individuals in
the community and decision makers. In Figure 4e, the “decentralization” criterion shows
an upward and stable trend over time. Notably, it demonstrates the importance of not
concentrating on decision making, and it had a 9% priority in IWRM and 20% priority in
the WFD in the year 2000, and 17% for the SW in 2014. With respect to the “sustainable”
criterion, similar values were observed between IWRM and the EA, with 26% and 23%,
respectively. These results support the work of Guerrero et al. [14], who expressed that
the EA complements the current thinking on IWRM, being both consistent and holistic,
the first focused on ecosystem management and the second on water management. In
Schneider et al. [22], the SW had the highest value of 28% due to research assessing the
sustainability of water governance systems. In Figure 4f, the criterion “health and well-
being” presents a higher priority for Ecohealth, with a priority of 29% and 42% for the
WGP; these results were, however, expected, as the prism of Parkes et al. [47] is based on
Ecohealth and IWRM.

Finally, Figure 4g shows the final priorities of choice, from the lowest to the highest,
among the six focal alternatives. The framework that best represents or gives the most
importance to the five focal management criteria was the WGP, followed by the SW; both
approaches are recent (2010 and 2014). The normalized previous results [56]—with respect
only to the first four approaches—in Figure 4h demonstrate that Ecohealth was the best
choice or alternative due to its 69% acknowledgment of the five management criteria,
followed by the EA and IWRM, with 66% and 57%, respectively; the lowest priority was
shown by the WFD, with 50%. Observations from MCDM methods should be used as
decision-support tools. The solutions produced by these methods should be taken as an
indication of what the best course of action may be. The search to find the best MCDM
method is still ongoing, and research into these methods remains essential in many scientific
and engineering fields [56].

3.2. Calibration and the Best Choice of MCDM

Figure 5 shows the final comparison between the three MCDM methods used to deter-
mine which of the two methods, TOPSIS or PROMETHEE, presents the best correlation
regarding the AHP method. For Pereira-Basílio [54], in the last 44 years, 33,201 authors have
written 23,494 documents on multi-criteria methods. AHP, TOPSIS, and VIKOR were the
methods discussed in the highest number of publications, followed by PROMETHEE, with
1382. This is because they are the methods most used by professionals to solve problems
with multiple criteria. Using the AHP, we found that the best framework, based only on
the five criteria (Figure 5a), according to the relative scale close to the ideal solution, was
the WGP (with an evaluation of 0.79), followed by Ecohealth, with 0.69, and the EA and
SW, with 0.66. Those with a lower relative degree of proximity to the ideal solution were
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IWRM, with 0.57, and the WFD, with 0.50. According to TOPSIS, a method based on ideal
distance, the best management approach was the WGP of 2010, coinciding with the AHP.
The second-best options, with evaluations of 0.33 and 0.32, were Ecohealth (from 1996)
and the SW (from 2014), respectively. As the third-best management alternative, TOPSIS
referred to the EA, with a result of 0.28. Finally, the lowest evaluations were attributed
to IWRM and the WFD, both of which were below 15%. PROMETHEE, an outranking
technique for determining how good or not one alternative is with respect to another,
identified the best management frameworks; positive evaluations of the WGP of 2010 and
Ecohealth of 1996 were made, as well as different negative evaluations of the SW, EA,
IWRM, and WFD models. Figure 5b,c show the results of our comparisons—AHP-TOPSIS
and AHP-PROMETHEE—using Pearson’s and Spearman’s correlation coefficients to mea-
sure the degree of correspondence among the results [103,104]; we obtained values of 0.951
(0.99) for TOPSIS (Figure 5b) and 0.910 (0.99) for PROMETHEE (Figure 5c). Notably, in
Zavadskas et al. [105], a review of 136 publications showed that the AHP, TOPSIS, and
PROMETHEE methods were present in 27%, 16%, and 5% of the total, respectively, occupy-
ing 48% of the decision-making methods applied to engineering and management problems.

Water 2023, 15, x FOR PEER REVIEW 24 of 35 
 

 

outranking technique for determining how good or not one alternative is with respect to 
another, identified the best management frameworks; positive evaluations of the WGP of 
2010 and Ecohealth of 1996 were made, as well as different negative evaluations of the SW, 
EA, IWRM, and WFD models. Figure 5b,c show the results of our comparisons—AHP-
TOPSIS and AHP-PROMETHEE—using Pearson’s and Spearman’s correlation coeffi-
cients to measure the degree of correspondence among the results [103,104]; we obtained 
values of 0.951 (0.99) for TOPSIS (Figure 5b) and 0.910 (0.99) for PROMETHEE (Figure 5c). 
Notably, in Zavadskas et al. [105], a review of 136 publications showed that the AHP, 
TOPSIS, and PROMETHEE methods were present in 27%, 16%, and 5% of the total, re-
spectively, occupying 48% of the decision-making methods applied to engineering and 
management problems. 

 
Figure 5. (a) Comparison of multi-criteria methods for the six management alternatives and corre-
lations between (b) AHP-TOPSIS and (c) AHP-PROMETHEE; dot means: evaluation of alternatives. 
Source: own elaboration. 

3.3. The Best Approaches to Water–Environmental Management 
As the best AHP-TOPSIS correlation (Figure 5b), Figure 6 shows the simulation we 

performed using TOPSIS to analyze 5, 10, 15, 20, and 25 terms or management criteria; it 
thus partially defines which of the six management frameworks (or alternatives) are the 
best when using such criteria. Figure 6a,b show a contrast between the comparison of 5 
and 10 criteria, where IWRM increased from 11% to 49%; therefore, in IWRM, there are 
more significant criteria. For example, the EA increases from 28% to 32% in terms of the 
relative degree of significance. The opposite is the case for the Ecohealth and WGP ap-
proaches, where the relative degrees decrease from 33% to 31% and from 72% to 57%, 
suggesting that the new management criteria being incorporated are not as relevant or 
important within these frameworks. Figure 6c, with 15 evaluated criteria, thus indicates 

Figure 5. (a) Comparison of multi-criteria methods for the six management alternatives and correla-
tions between (b) AHP-TOPSIS and (c) AHP-PROMETHEE; dot means: evaluation of alternatives.
Source: own elaboration.

3.3. The Best Approaches to Water–Environmental Management

As the best AHP-TOPSIS correlation (Figure 5b), Figure 6 shows the simulation we
performed using TOPSIS to analyze 5, 10, 15, 20, and 25 terms or management criteria; it
thus partially defines which of the six management frameworks (or alternatives) are the
best when using such criteria. Figure 6a,b show a contrast between the comparison of 5 and
10 criteria, where IWRM increased from 11% to 49%; therefore, in IWRM, there are more



Only
 fo

r re
ad

ing
 

Do n
ot 

do
wnlo

ad

Water 2023, 15, 2991 24 of 34

significant criteria. For example, the EA increases from 28% to 32% in terms of the relative
degree of significance. The opposite is the case for the Ecohealth and WGP approaches,
where the relative degrees decrease from 33% to 31% and from 72% to 57%, suggesting that
the new management criteria being incorporated are not as relevant or important within
these frameworks. Figure 6c, with 15 evaluated criteria, thus indicates that the best option
continues to be the WGP, with 51%; however, its position continues to decline as the best
option. The second-best alternative is now IWRM, with 47%; despite being 30 years old, it
maintains relevant terms such as economic, ecosystem, water uses, development, quality,
and quantity. With the exception of the WS (35%), the rest of the alternatives oscillate, on
average, around 30%; the degree of relative importance of the WFD increases by 31%, and
within the WFD, the presence of the 15 criteria is both notable and indispensable.
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Finally, Figure 6d,e represent similar behavior, where the percentage of relative close-
ness to the ideal solution increases slightly from 20 to 25 management criteria; the WFD
is now shown to be the best option, with 47%, followed by the WGP and IWRM, with
45% and 41%, including the criteria of environment, demand, issues/problems, water-
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sheds/basins, and agriculture. Ecohealth and the EA (and regarding the 10 to 25 criteria
used), remain the same between 28% and 31%, respectively, on average, indicating the
limited presence/relevance of focal concepts. Notably, the SW of 2014 has remained sta-
ble, with an average of 35% for all criteria. This is an expected behavior that is perhaps
due to the recent formation of the SW; being newer, it incorporates aspects from all prior
management approaches. Additionally, according to Schneider et al. [22], this framework
is advantageous in that it enables a holistic and comprehensive perspective on water sus-
tainability to be obtained. To Heldt et al. [106], the WFD is a potential tool to improve
IWRM implementation globally in transitioning and developing countries. This can be
achieved with clear guidelines and has been successful within the European Union, as
well as in candidate and neighboring countries. The WFD is a comprehensive approach to
water management that takes into account the various national and local political contexts
in Europe.

3.4. Frequency and Importance of Concepts

Figure 7 shows the results of our analysis of the 25 criteria. Figure 7a represents the
possible behavior, over time, of the five criteria for each management framework. The
concept of “governance” is present mostly in the WGP of 2010 and in the SW of 2014, but
not in the rest of the approaches. For the “participation” criterion, IWRM (of 1992) and
Ecohealth (of 1996) emphasize the importance of mentioning this criterion more than the
other approaches. The “sustainable” criterion is consistently present from 1992 to 2014.
“Decentralization”, however, is a concept that is rarely found or is not given due importance.
The criterion of “health and well-being” has 25, 120, and 188 mentions in IWRM (of 1992),
Ecohealth (of 1996), and WGP (of 2010), respectively; however, it is not mentioned as a
whole term, but rather as health or well-being individually, thereby demonstrating the
importance of each at the time of the citation. This is why the WGP has a greater relevance
(75%) to the mention of such criteria (see Figure 6a).

In Figure 7c, “pollution” is present in IWRM and Ecohealth and has a greater presence
in the WFD, with 110 mentions. Although “social” aspects are present in all approaches,
this criterion is essential in the WGP (of 2010), just as the criterion of “water resources” is
in IWRM (of 1992); less mentioned are the concepts of “access” to water and “resilience”.
In Figure 6b, the WGP continues to place emphasis on and address new criteria, with 57%,
followed by IWRM and the SW, with 49% and 35%, respectively.

Figure 7c shows that the new focal criteria have importance in all six approaches;
“quality and quantity” is more relevant in the WFD (of 2000), “ecosystems” in the EA (of
2000), and “development” in IWRM (of 1992). In Figure 7d, the “water” criterion is the
most important term in the WFD (from 2000), followed by IWRM (from 1992), and, to
a lesser extent, the SW (from 2014). Notably, the “groundwater” criterion is mentioned
171 times in the WFD, followed by its 29 mentions in IWRM and 5 in the SW; it is less
important in the other approaches. For Howard and Merrifield [107], the protection and
management of groundwater-dependent ecosystems (GDEs) is, for many, an abstract
problem. For Foster et al. [108], groundwater plays an integral role by sustaining different
types of aquatic, terrestrial, and coastal ecosystems, both in humid and arid regions. This
is a key factor in maintaining the ecological integrity of GDEs. Regarding the last five
criteria, Figure 7e shows the importance of the concepts “environment”, “issues/problems”,
and “watershed/basin”. However, Figure 7a,b,d,e also reflect the criteria that are not as
relevant, such as “decentralization”, “resilience”, “stakeholders”, and, to a certain degree,
“demand”. We can even observe how it has decreased in importance over time, alongside
“participation”, “economic”, “environment”, and “agriculture”. The aspects that have
increased in importance over time can also be observed, e.g., “governance”, “ecosystem”,
and “scale/level”.
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3.5. Exploratory Analysis of Management Concepts

Figure 8 shows the distribution and relationships of the criteria within the six water–
environmental management frameworks. According to Meglen [109], Vásquez-Hurtado [110],
and Marín-Diazaraque [111], factor analysis is a statistical data reduction technique used
to explain correlations between observed variables. It facilitates the identification of vari-
ables with high loads, low loads, or those related to both axes on the same factor. The
axis of the principal component “F1” is composed of IWRM, the SW, and the WFD, with
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correlation coefficients of 0.95, 0.91, and 0.89, respectively; the axis of the main compo-
nent “F2” is composed of Ecohealth, the WGP, and the EA, with correlation coefficients
of 0.81, 0.70, and 0.55, respectively, revealing the high similarity between the approaches
in both components. In the main component “F2”, the criteria most closely associated
with Ecohealth and the EA are “ecosystem” and “health and well-being”, and the criteria
that are relatively far apart are “social”, “human”, and “issues”, highlighting the strong
association among the three. In the upper quadrants, the WGP has a good relationship
with the criteria “environmental”, “ecosystem”, and “health and well-being”. With respect
to the main component “F1”, the criterion “water” has a strong relationship with IWRM,
the SW, and the WFD. Due to its proximity to the origin, there is a diminished relationship
with the criteria “watersheds”, “scale/level”, and “development”. Finally, the criteria “gov-
ernance”, “participation”, “economic”, “agriculture”, “stakeholders”, “pollution”, “access”,
“resilience”, “decentralization”, “demand”, and “water uses” have similar characteristics
because they are relatively close to each other and have a weak relationship with the man-
agement alternatives; this is because they are opposed to these (i.e., they are alternatives).
Wilson et al. [112] identified that water governance too often remains depoliticized and
devoid of political content or meaning. It is necessary to re-center and re-theorize “the
political” in relation to decision making, use, and management, collectively. These criteria
are displayed in Figure 7; most are cited only when necessary, meaning they have little
relevance to these management alternatives. The criteria “quality and quantity” of water,
“water resources”, and “groundwater” are more referenced and evident in the WFD, SW,
and IWRM compared to Ecohealth, the EA, and the WGP. Notably, Figure 8 can thus be
interpreted as a criticism; it indicates the criteria that are more important and those that are
not. For example, Bunch et al. [113] discussed the integration of watershed management
and public health; their results specifically concerned the biophysical determinants of
health, and thus they neglected the most relevant social aspects. In the negative–negative
quadrant, some social management criteria with relationships or closeness are shown.
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are displayed in Figure 7; most are cited only when necessary, meaning they have little 
relevance to these management alternatives. The criteria “quality and quantity” of water, 
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3.6. Is the WFD the Best Management Approach Option?

The WFD can be seen as a success in Europe, thanks to its clear guidelines for all
member states. The WFD may also support IWRM planning in non-EU countries [106].
Since 2001, support for Central and Eastern Europe (CEE) countries, as they seek to imple-
ment the WFD, has successfully delivered more than 30 guidance documents and policy
papers [18]. Based on the previous results, the WFD appears to be the best management
approach option. The five reasons outlined below justify this statement.

High Priority in Criteria: According to the results of the TOPSIS, the WFD received
the highest priority among the five management criteria that were evaluated. The criteria
of “water”, “environment”, and “quality and quantity” were considered important, and
the WFD scored well in these aspects. The participation and decentralization aligns with
the WFD’s focus on involving stakeholders and decentralized decision making for effective
water resource management.

The results show that the methods used to evaluate the different management ap-
proaches, such as TOPSIS, consistently point to the WFD as one of the preferred options.
These methods provide decision makers with valuable information and support to make
informed decisions. Thus, the WFD is a strong candidate for effective water and environ-
mental management due to its emphasis on groundwater, basin management, the pollution
of water bodies, and adaptability to diverse contexts.

Support for ecosystems: This aligns with the idea that human well-being is intricately
connected to water resources. The results imply that the WFD acknowledges the need to
safeguard water quality for human consumption and ecosystem health.

Transdisciplinary Knowledge: The WFD appears to consider the importance of in-
corporating knowledge from various disciplines, including scientists, communities, and
decision makers. This transdisciplinary approach aligns with the idea that effective water
management requires collaboration and input from diverse stakeholders.

Adaptation to Changing Contexts: The WFD’s flexibility and adaptability to different
political, social, and environmental contexts are highlighted as key strengths. This adapt-
ability allows the WFD to be applied effectively in various regions, responding to specific
needs and challenges.

4. Conclusions

With this work, we managed to answer the question of which of the six integrated
management approaches demonstrates the best performance by analyzing the frequency of
multiple basin management criteria cited in the base documents. Of the six management
theoretical frameworks analyzed, four can be considered classic (IWRM, EA, Ecohealth,
and WFD), whereas the remaining two are recent (WGP and SW).

• Using the AHP method, we found that the WGP (from 2010) was one of the best
integrated management alternatives evaluated, with 79%, followed by Ecohealth (from
1996) with 69%; lower priority was given to the management criteria in IWRM and the
WFD. It should be noted that in the evaluation of the method, only five management
criteria were considered: governance, participation, sustainability, decentralization,
and health and well-being.

• Expanding the spectrum to 25 management criteria, using the TOPSIS method, the
WFD (of 2000) was found to be one of the best integrated management alternatives
evaluated, with 79%, followed by the WGP (of 2010), with 45%, and IWRM, with
41%. (of 1992). The remaining approaches had a priority lower than 32% (EA, SW,
and Ecohealth).

• Of the two MCDM methods we used to calibrate the AHP (using five management
criteria), TOPSIS had the best fit, with a Pearson’s coefficient of 0.951 and Spearman’s
coefficient of 0.99, which were slightly above the 0.910 (0.99) achieved by PROMETHEE.
Choosing to use this calibration between AHP-TOPSIS, we considered extrapolating
it and applying it to the 10, 15, 20, and 25 management criteria. We considered it
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more practical to use the method based on the ideal distance rather than a pairwise
comparison, as the latter requires more time.

• The concept of “water” was the criterion most mentioned in the WFD, with 446 hits, fol-
lowed by 349 in IWRM, and 202 hits in the SW. The following criteria had a high num-
ber of hits within all approaches: “environment”, “health and well-being”, “ecosys-
tem”, “scale/level”, “watersheds/basin”, and “quality and quantity”. In contrast, the
least-cited criteria were “resilience” and “decentralization”, with a total of 11 and 8
mentions, respectively, among the six approaches. Only the WGP mentioned the con-
cept of “resilience” six times, and the EA mentioned the concept of “decentralization”
six times.

• These theoretical frameworks are the result of the hard work of many people and
institutions, reflecting a concern for the conservation of water–environmental resources
of basins. However, through an exploratory approach involving patterns shown in
bi-plots and using the numbers of citations, we observed that these approaches placed
little importance on concepts such as participation, decision making, resilience, water
demand and contamination, and groundwater, among others. Since these criteria were
located in the negative–negative quadrant, we interpreted a lack of prioritization.

• The three best evaluated approaches were the WFD, WGP, and IWRM. The first
provides a holistic approach by integrating multiple perspectives and dimensions,
including ecosystem structure and function, governance and institutions, livelihoods,
and well-being. The second promotes efforts to improve water quality, protect ecosys-
tems, and involve communities in decision-making processes, sharing best practices
and lessons learned to achieve sustainable water management. Additionally, the third
requires political commitment, institutional capacity, stakeholder participation, and
effective governance mechanisms for its implementation.

Of the six theoretical frameworks, all have their specific characteristics. However,
they may be improved if they are combined or complemented, as all have aspects that are
beneficial for the water resources of basins. Issues concerning water and environmental
resources are complex, as they have a bearing on a wide range of areas and a large scale.
Each approach has advantages and disadvantages that need to be analyzed in the context
of the circumstances of each specific area. Therefore, each program’s approach should be
adapted to the context in which it is going to be implemented; one size does not fit all in a
complex world.
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70. Sałabun, W.; Ziemba, P.; Wątróbski, J. The Rank Reversals Paradox in Management Decisions: The Comparison of the AHP and COMET
methods, In International Conference on Intelligent Decision Technologies 2016. IDT 2016. Smart Innovation, Systems and Technologies;
Czarnowski, I., Caballero, A., Howlett, R., Jain, L., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; Volume 56.

71. Teixeira, L.F.H.; Santos, M.; Gomes, C.F. Proposta e implementação em python do método Simple Aggregation of Preferences
Expressed by Ordinal Vectors: Multi decision makers: Uma ferramenta web simples e intuitiva para Apoio à Decisão Multicritério.
In Simpósio de Pesquisa Operacional e Logística da Marinha; Blucher: Rio de Janeiro, Brazil, 6–8 November 2019; pp. 1–17.
Available online: https://www.proceedings.blucher.com.br/article-details/proposta-e-implementao-em-python-do-mtodo-
simple-aggregation-of-preferences-expressed-by-ordinal-vectors-multi-decision-makers-uma-ferramenta-web-simples-e-
intuitiva-para-apoio-deciso-multicritrio-34583 (accessed on 29 June 2023).

72. Bausys, R.; Zavadskas, E.K.; Kaklauskas, A. Application of neutrosophic set to multicriteria decision making by COPRAS. In
Economic Computation and Economic Cybernetics Studies and Research (ECECSR); Academy of Economic Studies: Bucharest, Romania,
2015; pp. 91–106.

73. Yazdani, M.; Jahan, A.; Zavadskas, E. Analysis in material selection: Influence of normalization tools on COPRAS-G. Econ.
Comput. Econ. Cybern. Stud. Res. 2017, 51, 59–74.

74. Oppio, A.; Bottero, M.; Arcidiacono, A. Assessing urban quality: A proposal for a MCDA evaluation framework. Ann. Oper. Res.
2018, 312, 1427–1444. [CrossRef]

75. Behzadian, M.; Kazemzadeh, R.B.; Albadvi, A.; Aghdasi, M. PROMETHEE: A comprehensive literature review on methodologies
and applications. Eur. J. Oper. Res. 2010, 200, 198–215. [CrossRef]

76. Moreira, M.Â.L.; Dos Santos, M.; Gomes, C.F.S. Proposta De Modelagem Híbrida Promethee-Sapevo-M1: Avaliação Multicritério
de Drones para Emprego na Guerra Naval. In Proceedings of the Simpósio de Pesquisa Operacional e Logística da Marinha, Rio
de Janeiro, Brazil, 6–8 November 2019; pp. 2253–2271.

77. Gomes, L.F.A.M.; Mury, A.R.; Gomes, C.F.S. Multicriteria ranking with ordinal data. Syst. Anal. Model. Simul. 1997, 27, 139–145.
78. Kittur, J. Using the PROMETHEE and TOPSIS multi-criteria decision making methods to evaluate optimal generation. In

Proceedings of the 2015 International Conference on Power and Advanced Control Engineering (ICPACE), Bengaluru, India,
12–14 August 2015; pp. 80–85. [CrossRef]

79. De Moura, P.D.; Dos Santos, M.; Pinheiro, I.A.; Lellis, M.A.M.; Vilarinho, A.T.; De Souza, C.R.; Simoes, C.F.G. Multicriteria and
Statistical Approach to Support the Outranking Analysis of the OECD Countries. IEEE Access 2022, 10, 69714–69726. [CrossRef]

80. Santoyo-Castelazo, E.; Azapagic, A. Sustainability assessment of energy systems: Integrating environmental, economic and social
aspects. J. Clean. Prod. 2014, 80, 119–138. [CrossRef]

https://doi.org/10.1016/0377-2217(90)90057-I
https://doi.org/10.1007/s12665-015-4461-0
https://doi.org/10.1007/s10668-019-00381-w
https://doi.org/10.1016/0377-2217(86)90044-5
https://doi.org/10.1016/S0377-2217(98)00072-1
https://doi.org/10.3390/en9070566
https://doi.org/10.3390/axioms12010077
https://doi.org/10.1016/j.scs.2022.103926
https://doi.org/10.1016/j.eswa.2012.05.056
https://doi.org/10.1016/j.procs.2020.09.035
https://doi.org/10.1016/j.procs.2020.09.034
https://www.proceedings.blucher.com.br/article-details/proposta-e-implementao-em-python-do-mtodo-simple-aggregation-of-preferences-expressed-by-ordinal-vectors-multi-decision-makers-uma-ferramenta-web-simples-e-intuitiva-para-apoio-deciso-multicritrio-34583
https://www.proceedings.blucher.com.br/article-details/proposta-e-implementao-em-python-do-mtodo-simple-aggregation-of-preferences-expressed-by-ordinal-vectors-multi-decision-makers-uma-ferramenta-web-simples-e-intuitiva-para-apoio-deciso-multicritrio-34583
https://www.proceedings.blucher.com.br/article-details/proposta-e-implementao-em-python-do-mtodo-simple-aggregation-of-preferences-expressed-by-ordinal-vectors-multi-decision-makers-uma-ferramenta-web-simples-e-intuitiva-para-apoio-deciso-multicritrio-34583
https://doi.org/10.1007/s10479-017-2738-2
https://doi.org/10.1016/j.ejor.2009.01.021
https://doi.org/10.1109/ICPACE.2015.7274921
https://doi.org/10.1109/ACCESS.2022.3187001
https://doi.org/10.1016/j.jclepro.2014.05.061


Only
 fo

r re
ad

ing
 

Do n
ot 

do
wnlo

ad

Water 2023, 15, 2991 33 of 34

81. Villa-Silva, A.J.; Pérez-Domínguez, L.; Martínez-Gómez, E.; Pérez-Olguín, I.J.C.; Durán-Almeraz, S.N. Una revisión de literatura
de 1980 a 2018 de los métodos Multi-criterio (A literature review from 1980 to 2018 of Multi-criteria methods). Mundo FESC 2019,
9, 89–102.

82. Kizielewicz, B.; Shekhovtsov, A.; Sałabun, W. pymcdm—The universal library for solving multi-criteria decision-making problems.
SoftwareX 2023, 22, 101368. [CrossRef]

83. Bazrafkan, A.; Pakravan, M.R. An MADM network selection approach for next generation heterogeneous networks. In Proceed-
ings of the Iranian Conference on Electrical Engineering (ICEE), Tehran, Iran, 2–4 May 2017; pp. 1884–1890. [CrossRef]

84. Jahan, A.; Edwards, K.L. A state-of-the-art survey on the influence of normalization techniques in ranking: Improving the
materials selection process in engineering design. Mater. Des. 2015, 65, 335–342. [CrossRef]

85. Vafaei, N.; Ribeiro, R.A.; Camarinha-Matos, L.M. Assessing normalization techniques for simple additive weighting method.
Procedia Comput. Sci. 2022, 199, 1229–1236. [CrossRef]

86. Fontana, M. Métodos de Decisión Multicriterio AHP y PROMETHEE Aplicados a la Elección de un Dispositivo Móvil (AHP and
PROMETHEE Multicriteria Decision Methods Applied to the Choice of a Mobile Device); Escuela Técnica Superior de Ingeniería
Universidad de Sevilla: Sevilla, España, 2015.
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