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Growing energy demand and targets for reducing greenhouse gas emissions are
driving a significant hydropower (HP) generation expansion in the Alpine area. However,
despite its advantages, HP implementation causes several impacts on the ecological
status of river systems and the preservation of characteristic landscapes. The use of
decision-making tools, like multi-criteria decision-making (MCDM) methods, can provide
helpful support to achieve more sustainable solutions for complex water management
problems. In Aosta Valley (NW Italy), an MCDM experimental approach is being applied
to define the optimal environmental flow scenario to be released by HP plants, in an
attempt to balance energy production needs, economic profitability and environmental
safeguard. Four criteria are considered (energy, environment and fishing, landscape,
economy) and key stakeholders are involved in the entire decision-making process.
However, there is a need to test also other MCDM methodologies in order to understand
if an alternative approach could be more suitable for future, more complex, HP
management decisions. Therefore, in this paper, seven different MCDM methods are
applied to an existing small run-of-the-river HP plant for the selection of the optimal
flow release scenario, i.e., SAW, WPM, AHP, TOPSIS, VIKOR, ELECTRE III, and the
initially adopted method, SHARE MCA. The results obtained with the application of
the different MCDM methods are investigated and statistically compared. The strengths
and weaknesses of the different methodological approaches are also discussed. Based
on the comparative results and the consequent evaluations, SHARE MCA, WPM, and
VIKOR appear to have the most interesting characteristics in terms of overall feasibility.

Keywords: sustainable hydropower, small hydropower, sustainable Alpine river management, environmental
flows, multi-criteria analysis, stakeholders’ involvement, decision-making processes, Alpine regions

INTRODUCTION

Hydropower (HP) generation is a key topic for Alpine water resources management.
Indeed, within the goals for renewable energy growth to reduce greenhouse gases (GHG)
emissions (European Commission [EC], 2009), the contribution of HP production is
considered particularly important for serving the energy demand of the Alpine states

Frontiers in Environmental Science | www.frontiersin.org 1 April 2021 | Volume 9 | Article 635100

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.635100
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fenvs.2021.635100
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.635100&domain=pdf&date_stamp=2021-04-16
https://www.frontiersin.org/articles/10.3389/fenvs.2021.635100/full
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-09-635100 April 12, 2021 Time: 18:22 # 2

Vassoney et al. Comparing MCDM Methods for Hydropower

(Alpine Convention–Platform Water Management in the
Alps, 2011) and helping the stabilization of the European
energy grid (Alpine Convention, 2009). For these reasons,
during the twentieth century, hydropower capacity has further
increased in the Alps, providing more than 90% of electricity
production (Gingrich et al., 2009), and applications for new,
particularly small and micro, HP stations, are still increasing
(Ferrario and Castiglioni, 2017).

However, despite its clear benefits, HP generation can also
have significant negative impacts on the aquatic ecology (e.g.,
interruption of the river continuity, changes in river morphology,
hydro-peaking, leading to a considerable loss of biodiversity) and
on the natural sceneries (Brunke, 2002; Truffer et al., 2003; Stähly
et al., 2019). These pressures are not only caused by large dams
and reservoirs: the wide distribution of small HP plants in the
Alps, for example, has a cumulative effect, deeply altering natural
habitats in a considerable number of watercourses, especially in
mountainous areas (Vezza et al., 2014).

Moreover, river stretches that are in or near natural conditions
are becoming increasingly rare, leading to conflicts over water
use and management, e.g., agriculture, hydropower, drinking
water, ecological needs (Bratrich et al., 2004; Schneider et al.,
2014). These conflicts could even intensify in the future
due to the expected changes in water availability caused by
climate change (Scheurer et al., 2018). Therefore, achieving
sustainable solutions concerning HP generation, ensuring the
compatibility with environmental protection requirements, is
extremely important to avoid irreversible impacts (Alpine
Convention–Platform Water Management in the Alps, 2018).
Furthermore, improving the dialogue among all stakeholders
is strongly recommended to prevent/overcome conflicts among
water uses (Alpine Convention, 2009). Thus, common guidelines
and support for decision-making are increasingly required to
tackle this challenging issue (Alpine Convention–Platform Water
Management in the Alps, 2011).

A methodological approach for conflict management
providing helpful support to complex decision-making problems
is the multi-criteria decision-making (MCDM, Soncini-Sessa
et al., 2000; Opricović and Tzeng, 2008). MCDM represents a
collection of techniques with the overall goal to determine a
preference ordering among alternative decision options, whose
performance is scored against multiple criteria (Steele et al.,
2009). The MCDM process can support decision-making by
helping to structure the problem and providing all involved
actors with a common language for discussing and learning
about the problem (Köhler et al., 2019). It has also the potential
to improve transparency, auditability, and analytic rigor of
decisions (Šantl and Steinman, 2015). MCDM is widely applied
in the field of water management (e.g., Joubert et al., 2003;
Alamanos et al., 2018; Manikkuwahandi et al., 2019), usually
characterized by many decisional actors with multiple, conflicting
objectives (Hajkowicz and Collins, 2007).

Since the use of MCDM in real decision-making processes can
lead to relevant actions (e.g., construction of a dam, allocation
of water resources to a specific use, etc.), a thorough evaluation
on if and how the choice of the different MCDM methods
might affect the preference ordering among alternative options

(and therefore, the final decision) is highly relevant and could
also provide specific guidance on selecting the most appropriate
approach to be used when dealing with hydropower management
decisions. However, only few studies in the field of HP planning
and management (e.g., Adhikary et al., 2013; Carriço et al.,
2014) have applied different MCDM techniques to the same
problem comparing their results and briefly discussing, mainly
in qualitative terms, the obtained rankings.

For this purpose, in this study, different MCDM methods are
considered and tested in a real case study of HP management in
Aosta Valley, a small Alpine region in the North-West of Italy.
In this region, an experimental approach based on multi-criteria
analysis is being used to define environmental flows to be released
by HP plants. The decision-making approach, implemented by
the Regional River Strategic Plan (Regione Autonoma Valle
d’Aosta [RAVA], 2006), involves key institutional stakeholders to
assess the compatibility of water diversions with environmental
conditions. Four criteria are usually considered, i.e., Energy,
Environment and fishing, Landscape, and Economy, each
quantified by indicators based on the watercourse discharge.

The main aim of this paper consists of testing, in a real case
study (Vassoney et al., 2020), the applicability and effectiveness
of different MCDM methods for the selection of the optimal
flow release scenario to be implemented downstream of a small
run-of-the-river HP plant. In addition to the model initially
adopted in the region, named SHARE MCA, six other MCDM
methods were selected among the most used in literature
(Zanakis et al., 1998; Zamani-Sabzi et al., 2016), i.e., SAW
(Simple additive Weighting), WPM (Weighted Product Method),
AHP (Analytic Hierarchy Process), TOPSIS (Technique for
Order of Preference by Similarity to Ideal Solution), VIKOR
(Vlšekriterijumsko KOmpromisno Rangiranje, i.e., multicriteria
optimization and compromise ranking), and ELECTRE III
(ELimination Et Choix Tradusiant la REalité, i.e., Elimination
and Choice Translating Reality), in order to evaluate whether an
alternative methodology could be more suitable for future official
decision-making processes.

In the following sections, after a short overview of the
different MCDM techniques used in literature (section “Short
Overview of the Multi-Criteria Decision-Making Use in the Field
of Hydropower”), the MCDM framework (section “Definition
of the Decision Matrix”) and the methods considered in
this study (section “Multi-Criteria Decision-Making Methods”)
are described. Their comparative analyses (sections from
“Comparative Analyses of Different MCDM Methods’ Results”
to “Evaluation of the Overall Methodological Approach for
the Different MCDM Techniques”) and the case study (section
“Case Study”) are also presented. The rankings obtained
from the different methods are compared to each other and
statistically analyzed through Kendall’s tau and Spearman’s rho
correlation tests (section “Comparison of the Rankings Obtained
Through the Different MCDM Methods”). A sensitivity
analysis is also performed by varying the weights of criteria
(section “Results of the Sensitivity Analysis”). Finally, the
different methodological approaches are investigated in terms
of suitability for the considered decision-making problem and
according to some significant characteristics, like the necessary
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datasets, ease of use, reliability, and degree of stakeholders’
involvement and training (sections “Evaluation of the Different
Methodological Approaches”). The obtained results and the
consequent evaluations are discussed in section “Discussion”:
on this basis, the most appropriate methods for future, more
complex HP management decisions (e.g., involving a system of
withdrawals at watershed level) are identified.

MATERIALS AND METHODS

Short Overview of the Multi-Criteria
Decision-Making Use in the Field of
Hydropower
Over the last decades, different MCDM techniques have been
employed in studies concerning the planning, management,
or policy assessment of renewable energy projects, including
hydropower (Vassoney et al., 2017). One of the most frequently
applied MCDM methods is AHP. This method was used, for
example, by Supriyasilp et al. (2009) to study the potential
to develop HP projects in the Ping River Basin (Thailand),
considering 64 potential sites. Fuentes-Bargues and Ferrer-
Gisbert (2015) also proposed an application of AHP to select
the best small run-of-the-river HP plant among three alternative
projects in the Miño-Sil river basin (Spain), while Kumar
and Katoch (2015) used AHP to establish a ranking of the
most sustainable installed capacity range (i.e., mini, small, and
large) of run-of-the-river HP projects for the Himalayan region
(India). On the contrary, Jiménez Capilla et al. (2016) used a
spatial MCDM, based on AHP and geographical information
systems (GIS), to determine the optimal location for an
upper reservoir of a pumped-storage system in the Guadalfeo
river basin (Spain).

However, other MCDM methods have also been adopted for
decision problems concerning HP planning and management.
For example, Multi-Attribute Value Theory (MAVT) was applied
by Karjalainen et al. (2013) to assess restoration options for
the regulated Iijoki River (Finland) and by Barton et al.
(2020), in a Bayesian Network, to select the optimal scenario
combining weir removal and discharge regimes downstream
of an HP plant in the Mandal River (Norway). TOPSIS was
selected by Wang et al. (2014) to analyze the overall efficiency
of HP generation in Canada, comparing five provinces, and
by Chien et al. (2020) to select the optimal location for the
installation of HP plants in Vietnam. Also, Opricović and
Tzeng (2008) proposed VIKOR for HP system planning on the
Drina River (former Yugoslavia), while Vučijak et al. (2013)
suggested the same method to aid decision-makers during
the design process of HP plants. As concerns the outranking
methods, ELECTRE was used, for example, by Stevović et al.
(2014) to select the most sustainable system of small HP
plants in the Prokletije region (Montenegro) and by Saracoglu
(2015) to rank five alternative small HP plant investments in
Turkey, while PROMETHEE (Preference Ranking Organization
METHod for the Enrichment of Evaluations) was applied by
Singh and Nachtnebel (2016) to evaluate and rank six small HP
schemes in Nepal.

Furthermore, applications of MCDM in a fuzzy environment
are increasingly used (e.g., Tzimopoulos et al., 2013; Dong
et al., 2015; Wibowo et al., 2015; Majumder et al., 2020),
since the fuzzy sets theory allows including qualitative criteria,
for which measuring the exact value is difficult, or criteria
affected by imprecision due to the lack of available information
(Khanzadi et al., 2016). Some authors have also presented
and tested new MCDM techniques. For example, Marttunen
and Suomalainen (2005) developed a new value-tree-based
Excel spreadsheet model (REGAIM) for the definition of
more sustainable regulation strategies for four large connected
regulated lakes in the Pirkanmaa region (Finland). Ji et al.
(2015) developed an integrated fuzzy entropy-weight MCDM
(IFEMCDM) method and applied it to risk assessment for 10
HP stations along the Xiangxi River, in China. More recently,
Yang et al. (2020) proposed a novel stochastic multicriteria
acceptability analysis (SMAA) model coupling with TOPSIS
and gray correlation analysis (SMAA-TOPSIS&GCA model) to
solve stochastic decision-making for short-term HP generation
operation under uncertain environment.

Finally, some studies have also applied different MCDM
techniques to the same problem and compared the obtained
rankings. For example, Özelkan and Duckstein (1996) used
PROMETHEE I and II, geometrical analysis for interactive
assistance (GAIA), multi criterion Q-analysis (MCQA I, II, III),
compromise programming (CP), and cooperative game theory
(CGT) to rank different water resources projects designed at
the Austrian part of the Danube river, demonstrating that there
are not substantial ranking differences between the methods.
Adhikary et al. (2013) applied Simple Additive Weighting
(SAW), Weighted Product Method (WPM), and AHP-TOPSIS
for the selection of a hydro turbine manufacturer for small
HP generation, showing that the rankings are not significantly
affected by the choice of the MCDM method. Also, Carriço et al.
(2014) compared SAW and ELECTRE III for the selection of
the best energy-efficient option for a water supply system in
the Algarve region (Portugal) and discussed the advantages and
drawbacks of the two methods. Moreover, Ehteram et al. (2018)
used complex proportional assessment (COPRAS), TOPSIS,
modified TOPSIS, and Weighted Aggregated Sum Product
Assessment (WASPAS) to evaluate different algorithms for the
optimization of a reservoir operation for HP generation. They
assessed the results of the different MCDM models by comparing
each ranking with the ranking calculated using the Borda
aggregation method.

This short overview demonstrates that several MCDM
methods, even theoretically very different, have been considered
in the literature and have been applied in various management
contexts, to solve different kinds of decision-making problems
concerning hydropower. No method can be considered better
than the others in any situation. Decision-makers should select
among the several existing techniques the ones more fitting
to their decisional context (e.g., considering the set of laws,
river environmental features, local knowledge, etc.) and to
stakeholders’ technical background and level of participation. For
this reason, investigating different MCDM methods is important
and can help improving the quality of decision-making.
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Definition of the Decision Matrix
An MCDM problem is characterized by a finite set of m
alternatives, denoted as A = {Ai | i = 1, . . ., m}, that are evaluated
according to n criteria, represented as C = {Cj | j = 1, . . ., n}.
The criteria can represent a benefit or a cost. A benefit criterion
is desirable to be maximized, i.e., the higher an alternative
scores in terms of this criterion, the better the alternative is;
on the contrary, for cost criteria lower values are preferable
(Ceballos et al., 2016). Moreover, each criterion is assigned a
weight, expressing its relative importance. These weights can
be denoted as W = {wj | j = 1, 2, . . ., n} and they are usually
normalized, so that their sum is equal to one:

∑n
j = 1 wj = 1

(Triantaphyllou and Baig, 2005).
Therefore, the MCDM problem can be concisely expressed in

a matrix form, where rows and columns indicate the alternatives
and the criteria, respectively, as shown in Table 1. Each element
xij of the decision matrix represents the score of the alternative Ai
with respect to the criterion Cj.

Multi-Criteria Decision-Making Methods
The objective of the problem is to rank the alternatives according
to their overall performance value, obtained by combining their
scores with the weights (Altunok et al., 2010). A wide range of
algorithms can be used in this task, corresponding to the various
existing MCDM methods (Hajkowicz and Collins, 2007).

Different classifications have been proposed in the literature.
For example, a distinction can be based on the level of
compensation allowed by the method. Compensatory techniques
(e.g., SAW, AHP), which allow the compensation of poor
performances of some criteria by high performances of other
criteria, and non-compensatory techniques (e.g., ELECTRE III)
can be identified (Banihabib et al., 2017). Triantaphyllou and
Baig (2005) also proposed different categories based on the
theoretical approach used to evaluate the alternatives. They
identified methods that use aggregation techniques considering
two separate sets of criteria, i.e., benefit and cost criteria
(e.g., AHP, SAW, WPM); outranking methods, based on a
pairwise comparison of the alternatives (e.g., ELECTRE group
of methods, TOPSIS, PROMETHEE); methods that use an
explicit tradeoffs approach based on the “value functions”
(e.g., multi-attribute utility theory—MAUT); and methods that
use the notion of a reference set of alternatives (preference
disaggregation approaches).

TABLE 1 | Decision matrix of an MCDM problem characterized by m alternatives
(Ai) and n criteria (Cj), associated with a weight wj.

C1 C2 . . . Cn

w1 w2 . . . wn

A1 x11 x12 . . . x1n

A2 x21 x22 . . . x2n

. . . . . . . . . . . . . . .

Am xm1 xm2 . . . xmn

Each element xij represents the score of Ai with respect to Cj .

In the present study, the following seven MCDM methods
are considered and applied to the same decision problem
(release scenario from a small HP plant) to compare their
ranking performance:

• SAW—Simple additive weighting (Fishburn, 1967), which
ranks the alternatives based on their weighted sum
performance;
• WPM—Weighted product method (Bridgman, 1922),

in which the alternatives are compared by multiplying
different ratios, one for each criterion, raised to the power
of the corresponding weight;
• AHP—Analytic hierarchy process (Saaty, 1980), which

relies on pairwise comparisons of the alternatives on each
criterion and an additive aggregation to calculate the
overall performances;
• TOPSIS—Technique for order preference by similarity

to ideal solution (Hwang and Yoon, 1981), in which
the alternatives are ranked based on their distance from
defined ideal and negative-ideal solutions;
• VIKOR—Multi-criteria optimization and compromise

ranking (Opricović, 1998), which seeks the compromise
solution based on the closeness to a defined ideal solution;
• ELECTRE III—Elimination and choice translating reality

(Roy, 1978), which is based on an outranking relation
between the alternatives (i.e., considering two alternatives
A1 and A2, A1 outranks A2 if there are strong enough
reasons to state that A1 is “at least as good as” A2 and no
enough reasons to state the contrary) and on the use of
pseudo-criteria;
• SHARE MCA (SHARE project, 2012), which is the

method initially used in the Aosta Valley region, based
on a hierarchical framework, the use of normalization
functions, and an additive aggregation to calculate the final
performances.

The reason for the selection of the first six methods (to be
compared with the method adopted in the region) is that they
are among the most popular and widely used in the literature
and each of them corresponds to a different approach to solve
MCDM problems. Different techniques are also used for the
normalization of the decision matrix, which is necessary to
handle different types of variables (e.g., criteria characterized
by different units of measure, benefit and cost criteria). Only
ELECTRE III does not require normalization and it can also
handle ordinal or descriptive (imprecise) criteria (Zanakis et al.,
1998). Moreover, the output of ELECTRE III and VIKOR differs
from the other methods and a global ranking of the alternatives
is not always achieved (Zamani-Sabzi et al., 2016).

The computational details of the selected MCDM methods are
described in Supplementary Section 1.

Comparative Analyses of Different
MCDM Methods’ Results
Different MCDM methods can produce different ranking results.
Therefore, in order to measure the degree of agreement
of different methods, non-parametric correlation tests, like

Frontiers in Environmental Science | www.frontiersin.org 4 April 2021 | Volume 9 | Article 635100

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-09-635100 April 12, 2021 Time: 18:22 # 5

Vassoney et al. Comparing MCDM Methods for Hydropower

Kendall’s tau and Spearman’s rho, can be used. These two
statistical tests analyze the obtained rankings by measuring
their pairwise correlations (Zamani-Sabzi et al., 2016). In this
study, Kendall’s tau and Spearman’s rho correlation tests were
performed to analyze the correlation among the rankings
obtained with the different MCDM methods applied to the same
case study. Only VIKOR and ELECTRE III were excluded from
these statistical comparisons since they produce a different type
of ranking of the alternatives (Zamani-Sabzi et al., 2016). The
correlation tests were implemented in Matlab©, 2019b.

In addition to the non-parametric correlation tests, the Borda
method (de Borda, 1781) was also used to aggregate the rankings
obtained with the different MCDM methods. The similarity of
each ranking with the aggregated order achieved through the
Borda technique was investigated to compare the performance
of the considered MCDM models (excluding again VIKOR
and ELECTRE III).

The key features of Kendall’s tau and Spearman’s rho
correlation tests and the Borda method are described in
Supplementary Section 2.

Furthermore, for all the seven considered MCDM
methods, two additional tests were performed to
measure their degree of agreement (Zanakis et al., 1998;
Athawale and Chakraborty, 2012), i.e.:

• agreement between the top three ranked alternatives and
• number of ranks matched, expressed as the percentage of

the number of considered alternatives.

Sensitivity Analysis
Sensitivity analysis is an important procedure that allows testing
the degree of change in the overall ranking of the alternatives
when input data are slightly modified (Steele et al., 2009).
Indeed, some stakeholders’ subjective preferences are introduced
in each MCDM method, like the evaluation of criteria, the
allocation of weights, the choice of preference functions, etc.
Therefore, sensitivity analysis can be used to assess the stability
and the robustness of the ranking obtained taking into account
stakeholders’ preferences (Singh and Nachtnebel, 2016).

In this study, a sensitivity analysis was performed to
investigate the robustness of each considered MCDM method
when affected by weight uncertainty. Two different schemes of
weights were defined. The first scheme (Table 3) is represented by
the set of weights actually adopted in the case study described in
subsection “Case Study.” In the second scheme (Table 6), equal
importance is assigned to the main criteria of the hierarchical
structure. This is a typical situation, adopted by several authors
to test the sensitivity of the results (Kokaraki et al., 2019).

Evaluation of the Overall Methodological
Approach for the Different MCDM
Techniques
Based on previous studies comparing different MCDM
techniques (e.g., Mahmoud and Garcia, 2000; Hodgett, 2016;
Dotoli et al., 2020), the following features were taken into
account to compare the considered MCDM methods:

• Need for additional parameters: it assesses the amount of
information (both technical and non-technical) required to
the user (i.e., the decision-maker or involved stakeholders),
thus increasing the subjectivity and the time necessary for
the implementation of the method;
• Ease of understanding and transparency: it evaluates

whether the method is easily understandable by all the
stakeholders (including administrators and stakeholders
without a technical background). The evaluation is based
on an estimation of the time required to the user to
understand and accept the procedures of the method;
• Characteristics of the input data: it evaluates the possibility

to use both quantitative and qualitative scores. It also
assesses the possibility to consider a large number of
alternatives and/or criteria without compromising the
feasibility of the procedure;
• Level of transformation of the original data: it takes

into account the presence of one or more phases in the
procedure that transform the initial data of the decision
matrix (e.g., the normalization) and the risk to lose some
information during their processing;
• Visualization of the results: it considers the typology of

results obtained by the method, e.g., complete or partial
ranking, availability of a performance score associated with
each alternative, etc.;
• Consistency of the results: it evaluates the robustness of

the ranking produced by the method, based on the results
of the sensitivity analysis. The consistency is low if the
ranking of the alternatives is completely modified after a
slight variation of the weights;
• Discrimination of the results: it evaluates the percentage

difference between the alternatives within the ranking
generated by the method and/or the identification of some
alternatives as indifferent;
• Overall feasibility and replicability: it assesses the global

applicability of the method, not only in the considered case
study, which is relatively simple, but also in more complex
HP management decision-making processes, for example
involving a system of withdrawals at watershed level.

The assessment was carried out based on the results
obtained from the application of the different MCDM
methods to the case study and on the remarks made by
the authors after testing the different methods together
with specific feedback collected from some stakeholders
involved in the case study and a representative of the Regional
Water Authority.

Case Study
The analyzed case study is a small run-of-the-river HP plant
located in Aosta Valley (NW Italy), in the municipality of
Brusson, on the Graines torrent (Figure 1), 4th order tributary
of the Po river (mean annual discharge < 1 m3/s, watershed
area = about 20 km2). The HP plant is characterized by a total
head of 125 m, with the water intake located at 1,479 m a.s.l.,
and an average annual nominal power of 566 kW (a mean annual
discharge of 462 l/s is withdrawn).

Frontiers in Environmental Science | www.frontiersin.org 5 April 2021 | Volume 9 | Article 635100

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-09-635100 April 12, 2021 Time: 18:22 # 6

Vassoney et al. Comparing MCDM Methods for Hydropower

FIGURE 1 | Location of the Graines torrent and HP plant (black dot symbol) in the Aosta Valley region (NW Italy).

The HP plant license, issued in 2010, was subject to revision
in order to define a new flow release scheme ensuring a
compatible balance between production needs and the safeguard
of the watercourse environmental conditions. The MCDM
technique initially adopted in the case study was the SHARE
MCA method (described in Supplementary Subsection 1.7).
The decision-making process, coordinated by the Regional
Water Authority, officially involved key stakeholders, i.e.,
members of the HP company and representatives of the
different concerned Regional technical bodies (Regional Agency
for the Protection of the Environment, Regional Fisheries
Consortium, Regional Landscape Protection Service, Regional
environmental assessment and air quality protection Service,
Regional flora, fauna, hunting and fishing Service). The HP
company was required to implement a hydrological monitoring

program, in order to provide a reliable and updated flow
data series. Based on these measured data, nine different flow
release alternatives (from ALT 0 to ALT 8) were defined,
in addition to the initial scenario (“reference alternative”—
ALT 0). Some “real-time” alternatives, based, for each month,
on a minimum flow value to be released in the streambed,
incremented by an additional release, varying on an hourly
basis, calculated as a percentage (from 12.5 to 30%) of
the watercourse discharge measured upstream of the dam,
were also included. The considered alternatives are presented
in Table 2.

The decision tree (i.e., the hierarchical framework of the
decision problem) defined for the case study (Figure 2) has
four main criteria, i.e., Energy, Environment and fishing,
Landscape, and Economy, representing the main concerned

TABLE 2 | Monthly values of the environmental flow releases (l/s) defined for the nine considered alternatives: the percentage values represent a percentage of the
watercourse discharge measured upstream of the withdrawal point, while the other numerical values are the fixed flow rates in l/s defined by the involved stakeholders.

ALT 0 ALT 1 ALT 2 ALT 3 ALT 4 ALT 5 ALT 6 ALT 7 ALT 8

Jan 90 100 70 70 + 15% 70 + 12.5% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Feb 90 100 70 70 + 15% 70 + 12.5% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Mar 90 100 70 70 + 15% 70 + 12.5% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Apr 135 100 100 70 + 30% 70 + 17.0% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

May 250 100 250 70 + 25% 70 + 18.0% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Jun 1a 450 100 300 70 + 35% 70 + 18.0% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Jun 2a 450 100 300 70 + 35% 70 + 25% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Jul 360 100 300 250 + 20% 300 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Aug 260 100 250 200 + 30% 250 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Sep 180 100 100 100 + 20% 100 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Oct 135 100 100 70 + 30% 70 + 15.0% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Nov 135 100 100 70 + 15% 70 + 12.5% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

Dec 90 100 70 70 + 15% 70 + 12.5% 70 + 12.5% 70 + 15% 70 + 20% 70 + 30%

aThe month of June was divided into two halves for ALT 4, due to the high variability of watercourse discharges.
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FIGURE 2 | Decision tree of the case study: one or more indicators (on the right) are associated with each of the four considered criteria (in capital letters). Criteria
and indicators represent the “branches” and the “leaves,” respectively, of the decision tree.

stakes, each quantified by one or more indicators, defined
by the corresponding stakeholders. All indicators are desirable
to be maximized.

The Energy Index (IEn) was defined to represent the stake
of hydropower production, which contributes to reducing GHG
emissions. It quantifies the energy production losses due to
flow releases. Its score ranges between 0 and 1. It is calculated
through Eq. (1):

IEn = Ei/E0 (1)

where Ei is the energy produced by applying the i-th
alternative (kWh) and E0 is the theoretic energy production
calculated according to the average annual nominal power of
the HP plant (kWh).

The Habitat Integrity Index (IH) was adopted to assess
the effects of HP withdrawals on fish population and river
environment (Vassoney et al., 2019). It quantifies the available
habitat for fish in the bypassed stretch through the MesoHABSIM
approach, for different flow scenarios (Parasiewicz, 2007). Its
score ranges between 0 and 1. Eq. (2) is used:

IH = min (ISH, ITH) (2)

where ISH is the index of stream habitat spatial availability,
assessing the alteration of the spatial amount of habitat
availability for fish when the HP withdrawal is present compared
to reference conditions and ITH is the index of stream habitat
temporal availability, assessing the temporal change of stress
periods duration for fish (Vezza et al., 2017).

The Landscape Protection Level (LPL) was defined to assess
how the landscape perception changes according to the flow
releases. Its score varies between 0 and 165. It is calculated
according to Eq. (3):

LPL = CF + RF + VEF (3)

where CF is the Constraint Factor, calculated on the basis of
national and regional landscape protection constraints and of

the watercourse visibility, RF is the Release Factor, based on
water flow releases in the bypassed stretch, and VEF is the Visual
Elements Factor, assessed by landscape experts analyzing the
alteration of the downstream stretch based on a set of photos.

While the other criteria are quantified by a single indicator,
the economic criterion was further divided into two sub-
criteria, representing the HP producer economic income and the
community income (linked to services and fees paid by the HP
company according to national and regional rules), respectively,
and quantified by different indicators. The Economic Index (IEc)
evaluates the economic losses of the HP company due to water
flow releases, based on Eq. (4):

IEc =
Ei · €en − Ci

E0 · €en − C0
(4)

where Ei is the energy produced by applying the i-th alternative
(kWh), E0 is the energy production according to the average
annual nominal power of the HP plant (kWh), €en is the energy
sale price (€/kWh), while Ci and C0 represent the HP plant
management and maintenance costs related to the i-th alternative
and to E0, respectively (€). The indicator ranges between 0 and 1.

The other two economic indicators, representing the
community income, vary between 0 and 1. Services for the
community (RCS) estimates the quality and amount of services
offered by the HP company to the community living in the area
affected by the withdrawal. It is an indicator based on an ordinal
scale of five classes (corresponding to the following scores: 0.2,
0.4, 0.6, 0.8, and 1), based on the fact that a higher income for
the HP company is generally associated with a larger amount of
services for the community living in the area. Finally, Financial
income for the community (RC) quantifies the economic income
for the community living in the area, due to different fees and
royalties paid by the HP producer. Since some of these fees
represent a percentage of HP energy production and trade, the
indicator score is calculated on the basis of the Economic Index,
according to Eq. (5):

RC = IEc2 (5)
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More information about the alternatives and the indicators
considered in the case study, as well as the complete decision-
making process, is available in Vassoney et al. (2020).

Application of the Different MCDM Methods to the
Case Study
The same alternatives and indicators described above were
considered in all the MCDM methods. In addition, the same
set of weights, agreed upon by the stakeholders involved in
the decision-making process concerning the Graines torrent,
was adopted. For the sensitivity analysis, the second scheme of
weights (assigning equal importance to the main criteria) was also
applied to all the methods.

Furthermore, most of the MCDM methods considered in
this study (SAW, WPM, TOPSIS, and VIKOR) are based on
simple algorithms and thus their computation procedure was
implemented in Microsoft Excel R©. For the AHP method, all the
mathematical calculations, including the pairwise comparison
process, consistency analysis and normalization of results,
were performed using the SuperDecisions R© software, version
3.2.0 (Creative Decision Foundation, 2019). On the contrary,
J-ELECTRE software, version 2.0 (Pereira et al., 2019) was used
to implement the mathematical procedures of ELECTRE III,
including the calculation of the concordance, discordance and
credibility matrices, the ascending and descending rankings, and
the final pre-order of the alternatives. Finally, the calculations
of the SHARE MCA method were performed by means of
the SESAMO SHARE software (SHARE project, 2012), which
directly computes the normalized indicator scores, the weighted
values, and the final performance value of each alternative.

As concerns the additional parameters required by some
MCDM methods (see Supplementary Section 3, for more
information), the following procedures were carried out for
their definition:

• AHP: pairwise comparisons for the criteria and sub-
criteria/indicators were simulated by the authors, based on
the set of weights agreed upon by the different stakeholders
involved in the case study during its initial implementation.
Comparisons of alternatives with respect to each indicator,
on the contrary, were performed through direct input, i.e.,
by introducing in the designated “direct input area” of the
software the scores xij of the decision matrix. The reasons
for this choice were partly linked to the difficulty to directly
involve the decision-maker or all the initially involved
stakeholders in real pairwise comparisons (due to time
constraints). However, this procedure allowed considering
input data (scores and weights) analogous to the values
also processed by all the other MCDM methods. Therefore,
the final AHP results were comparable with the rankings
obtained with the other techniques since they were not
affected by different input data.
• VIKOR: the coefficient υ was defined by the authors. It was

set equal to 0.5 in order to compromise the two strategies
of “majority of criteria” and “individual regret.”
• ELECTRE III: the definition of indifference, preference,

and veto thresholds (qj, pj, and vj) for each indicator was

based on evaluations made by the authors with the support
of some experts and stakeholders involved in the decision-
making process. In particular, the indifference threshold
was assessed, for each indicator, by evaluating the level of
uncertainty associated with the procedure of quantification
of the indicator. It was assumed that, for a difference of
scores below this level of uncertainty, the discrimination
between the two corresponding alternatives was difficult
and therefore this value could be used as an indifference
threshold. The preference and veto thresholds, on the
contrary, were established for each indicator by taking
into account the level of satisfaction of the corresponding
stakeholder. More information about the definition of
the three thresholds for each indicator is available in
Supplementary Section 3.
• SHARE MCA: the normalization functions were

elaborated, together with the elaboration of each
indicator, by the group of stakeholders involved in
the decision-making process.

RESULTS

The seven considered MCDM methods (SAW, WPM, AHP,
TOPSIS, VIKOR, ELECTRE III, SHARE MCA) were applied to
the same case study on the Graines torrent, to identify the optimal
flow release scenario to be implemented downstream of a small
run-of-the-river HP plant.

Table 3 represents the decision matrix of the considered case
study, with the score of each indicator for the nine flow release
alternatives. These scores of each indicator were obtained by
applying the corresponding procedures described in subsection
“Case Study.” In the table, the set of weights actually adopted in
the case study and the type of indicator (i.e., benefit or cost) are
also shown. As already mentioned, all these data were used for the
implementation of all the considered MCDM methods, in order
to obtain comparable results.

The weights shown in Table 3 were defined based on a
hierarchical allocation, according to the SHARE MCA method
(see Supplementary Subsection 1.7) and based on the decision
tree represented in Figure 2. The following weights were
assigned to the four main criteria: 0.25 to Energy, 0.30 to both
Environment and fishing and Landscape, 0.15 to Economy. These
weights were agreed upon by all the involved actors, based on
reasons that could be explained to external observers and policy-
makers. The higher weight of Environment and fishing was due
to the fact that this criterion represents two stakeholders’ interests
(i.e., environmental heritage and fishing activities affected by
the HP plant) and the related sets of laws. Similarly, the higher
weight of Landscape was related to the protection needs of both
landscape heritage and tourism activities in the affected area.
Moreover, between Energy and Economy, a higher weight was
assigned to the former, due to the importance of HP production
as a renewable energy source contributing to regional, national,
and European strategy for the reduction of GHG emissions.

As concerns the “leaves” of the decision tree, weights were
allocated first to the two economic sub-criteria, i.e., 0.90 to
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TABLE 3 | Decision matrix of the Graines torrent case study, including the weights, the indicator type (benefit or cost) and the thresholds required by ELECTRE III
(q = indifference, p = preference, v = veto).

IEn IH LPL IEc RCS RC

Weights 0.25 0.3 0.3 0.015 0.007 0.128

Benefit/cost Benefit Benefit Benefit Benefit Benefit Benefit

ELECTRE thresholds q 0.036 0.06 19.8 0.035 0 0.001

p 0.186 0.20 40.0 0.220 0 0.048

v 0.60 0.30 80.0 0.60 0.6 0.36

ALT 0 0.63 0.74 98.3 0.31 0.4 0.10

ALT 1 0.79 0.49 33.3 0.60 0.6 0.36

ALT 2 0.70 0.65 86.1 0.43 0.6 0.19

ALT 3 0.70 0.65 98.5 0.44 0.6 0.19

ALT 4 0.73 0.61 81.3 0.49 0.6 0.24

ALT 5 0.83 0.45 39.3 0.67 0.8 0.46

ALT 6 0.82 0.50 40.1 0.66 0.8 0.44

ALT 7 0.80 0.50 48.3 0.62 0.8 0.39

ALT 8 0.75 0.59 66.4 0.52 0.6 0.27

Community income and 0.10 to HP producer income, because
it was assumed that watercourses are public resources to be
protected for the whole community. Afterward, the stakeholders
defined the weights of the indicators associated with the sub-
criterion Community income, i.e., 0.95 for RC and 0.05 for RCS.
The significantly higher preference for RC aimed at highlighting
the importance of economic incomes for local municipalities.

Therefore, the weights presented in Table 3 correspond to the
leaves at the lowest level of the hierarchy (i.e., the indicators) and
they were calculated by multiplying their weight in the group of
leaves (equal to 1 if there is only one leaf) and the weight of the
corresponding “branch” (or main criterion).

Table 3 also shows the thresholds defined for ELECTRE III.
As explained in subsection “Application of the Different MCDM
Methods to the Case Study,” these values were evaluated by
the authors with the support of some experts and stakeholders.
Information about the reasons leading to the definition of these
thresholds is available in Supplementary Section 3, together with
the other additional parameters required by AHP and SHARE
MCA (i.e., pairwise comparisons and normalization functions,
respectively). The coefficient υ for the VIKOR method, on the
contrary, was set by the authors equal to 0.5, as explained in
subsection “Application of the Different MCDM Methods to the
Case Study.”

Comparison of the Rankings Obtained
Through the Different MCDM Methods
The results obtained for the case study applying the seven
MCDM methods are presented in Table 4. For SHARE MCA,
SAW, WPM, and AHP, each alternative is associated with the
corresponding final performance value (Pi), calculated according
to the specific procedure, and rank (ri). For TOPSIS, in addition
to the ranks ri, the distance of each alternative from the ideal
solution (D∗i ) and from the negative-ideal solution (D−i ), as
well as its relative closeness to the ideal solution (RCi), are

also indicated. For these five methods, the ranking positions
ri are highlighted in bold type so that the results are more
easily comparable. For VIKOR, the values Si, Ri and Qi of
the three rankings generated by the method are shown, while
in the row corresponding to ri the ranks established based
on the check of “acceptable advantage” (see Supplementary
Subsection 4.5) are indicated. Moreover, the three alternatives
identified as compromise solutions, i.e., ALT 3, ALT 4 and
ALT 2, are highlighted in bold type. Finally, for ELECTRE
III, the position of each alternative in the rankings generated
by the ascending distillation (rAi) and by the descending
distillation (rDi) are presented, while the final pre-order of the
alternatives is illustrated in Figure 3. More details about the
intermediate results calculated for each method are available in
Supplementary Section 4.

Similar rankings were obtained considering the first five
methods (i.e., SHARE MCA, SAW, WPM, AHP, and TOPSIS),
while VIKOR and ELECTRE III produced different types of
results, not only in terms of ranking order but also of format
(Table 4 and Figure 3). In particular, the results of the VIKOR
method are three rankings (by Q, S and R) and a proposed
set of compromise solutions. The final ranks ri were established
based on the check of the condition of “acceptable advantage”:
for this reason, some alternatives are associated with the same
rank (see Supplementary Subsection 4.5). In particular, for the
case study, the best-ranked alternative by the measure Q (i.e.,
the one with the minimum value of Q) was ALT 3. However,
this alternative could not be proposed as a compromise solution,
because the condition of “advantage rate” [i.e., Q(ALT 4)−
−Q(ALT 3) > DQ, where ALT 4 was the second-ranked
alternative by Q and DQ = 0.125] was not satisfied. Therefore,
a set of three compromise solutions was identified, i.e., ALT
3, ALT 4 and ALT 2 (for which the relation Q (ALT i)−
Q (ALT 3) < 0.125 is still valid). As concerns the results of
ELECTRE III, the final pre-order of the alternatives is not linear,
but it is affected by some relations of incomparability (i.e.,
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TABLE 4 | Results of the Graines torrent case study according to the different MCDM methods, using the first scheme of weights (Pi = final performance value of
alternative i; ri = position in the ranking; D∗i = distance from the ideal solution, D−i = distance from the negative-ideal solution, RCi = relative closeness, calculated in
TOPSIS; Si, Ri, Qi = values calculated in VIKOR; rAi = position in the ascending ranking, rDi = position in the descending ranking, for ELECTRE III).

ALT 0 ALT 1 ALT 2 ALT 3 ALT 4 ALT 5 ALT 6 ALT 7 ALT 8

SHARE MCA Pi 0.579 0.464 0.562 0.584 0.556 0.488 0.500 0.503 0.532

ri 2 9 3 1 4 8 7 6 5

SAW Pi 0.599 0.349 0.578 0.635 0.572 0.428 0.463 0.456 0.520

ri 2 9 3 1 4 8 6 7 5

WPM Pi 2.344 1.890 2.434 2.535 2.448 2.031 2.089 2.161 2.334

ri 4 9 3 1 2 8 7 6 5

AHP Pi 0.040 0.029 0.039 0.041 0.038 0.031 0.032 0.033 0.035

ri 2 9 3 1 4 8 7 6 5

TOPSIS D∗i 0.054 0.103 0.046 0.042 0.046 0.098 0.093 0.083 0.059

D−i 0.105 0.040 0.084 0.100 0.077 0.054 0.052 0.049 0.059

RCi 0.663 0.279 0.647 0.703 0.626 0.356 0.360 0.372 0.501

ri 2 9 3 1 4 8 7 6 5

VIKOR Si 0.401 0.651 0.422 0.365 0.428 0.572 0.537 0.544 0.480

Ri 0.250 0.300 0.163 0.163 0.134 0.300 0.269 0.248 0.155

Qi 0.412 1.000 0.185 0.085 0.111 0.863 0.708 0.657 0.264

ri 3 6 1 1 1 5 4 4 2

ELECTRE III rAi 1 4 5 1 1 3 2 2 1

rDi 5 6 2 2 3 6 4 6 1

Bold type is used to highlight the compromise solutions for VIKOR and all the ranking positions for the other methods.

considering two alternatives A1 and A2, A1 is incomparable to
A2 if A1 does not outrank A2 and A2 does not outrank A1 –
see also Supplementary Subsection 1.6). Indeed, as highlighted
by Figure 3, ALT 0 is incomparable to ALT 6, while ALT 2
is incomparable to all the other alternatives of the ranking,
with the exception of ALT 8 and ALT 3. For these reasons,
VIKOR and ELECTRE III were excluded from the subsequent
statistical comparisons.

For the other five methods, with comparable results, Kendall’s
tau and Spearman’s rho correlation tests were performed to
analyze the correlation among the obtained rankings. The results
of both statistical tests (Table 5) highlight a high correlation
between the considered methods (τ ≥ 0.778 and ρ ≥ 0.917).
Also looking at the graphic comparison between each of these five
rankings with the aggregated order calculated through the Borda
technique, the high similarity of all the rankings is evident (see
Supplementary Figure 3).

Furthermore, other two tests were performed to compare all
the seven considered MCDM methods. First of all, since usually
the upper part of the ranking is more interesting for the decision-
makers (who generally select the final alternative among the
best-ranked ones), the agreement between the top three ranked
alternatives according to the different methods was checked. As
shown in Table 4, the first three alternatives are the same (i.e.,
ALT 3, a “real-time” flow release alternative with higher values
in summer months, ALT 0, the “reference alternative” quantified
through a hydrological formulation, and ALT 2, a release scenario
based on the MesoHABSIM application) for SHARE MCA, SAW,
TOPSIS and AHP. ALT 3 is also the best-ranked alternative

according to WPM, which classifies ALT 4 (a “real-time” scenario
similar to ALT 3) in the second position, followed, again, by
ALT 2. Moreover, ALT 2, ALT 3, and ALT 4 also represent
the set of compromise solutions in VIKOR, while ELECTRE III
ranks ALT 8 at the first place, followed by ALT 3 and by ALT 2
and ALT 4 (at the same rank because incomparable). Therefore,
apart from ALT 8, there are no significant differences among the
methods concerning the alternatives that result in the first three
ranking positions.

The second test, on the contrary, evaluated the number of
ranks matched, expressed as the percentage of the number of
alternatives considered (where possible). Looking at Table 4, it
can be noticed that SHARE MCA, TOPSIS and AHP returned
the same final ranking (% of ranks matched = 100%), while
the ranking produced by SAW only differs for ALT 6 and ALT
7, whose positions are switched compared to the previously
mentioned methods (% of ranks matched = 77.8%). Also, the
WPM final ranking is only slightly different from the other
methods, with ALT 4 in the second rank (instead of ALT 0) and
ALT 0 in the fourth rank (instead of ALT 4): therefore the % of
ranks matched is 77.8% compared to SHARE MCA, TOPSIS and
AHP, and 55.6% compared with SAW (since the ranks of ALT
6 and ALT 7 are switched in SAW). For VIKOR and ELECTRE
III, again, the percentage of ranks matched compared with the
rankings produced by the other methods could not be calculated,
due to the different type of results. However, considering the
ranking by Q calculated for VIKOR, the first three alternatives
(ALT 3, ALT 4, and ALT 2, which are also the compromise
solutions) are the same as WPM, but they are followed by
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FIGURE 3 | Final pre-order of the alternatives obtained with ELECTRE III with
the first scheme of weights (generated by the SuperDecisions R© software;
figure modified by the authors).

ALT 8, which was ranked fifth according to the other methods.
Moreover, ALT 0 is only in the fifth position of the ranking by
Q, unlike SHARE MCA, SAW, TOPSIS, and AHP, which ranked
ALT 0 second. On the contrary, the second part of the ranking is
in line with the one obtained through the other methods, even if,
considering the condition of “acceptable advantage,” ALT 7 and
ALT 6 cannot be considered in two different positions. Finally,
as illustrated in Figure 3, the final ranking obtained through
ELECTRE III significantly differs, with ALT 8 in the first position
and ALT 3 at the second place, followed by ALT 4 and ALT 2,
which are incomparable (ALT 2 is also incomparable with the
following alternatives). Besides, ALT 6 and ALT 0 (incomparable)
precede ALT 7 in the ranking and ALT 5 (a “real-time” alternative
characterized by relatively low releases) and ALT 1 (a fixed release
scenario of 100 l/s) are the last alternatives, as for all the other
considered methods.

Results of the Sensitivity Analysis
To investigate the robustness of the considered MCDM methods,
a sensitivity analysis was performed by varying the weights of
the indicators. A second scheme of weights was thus considered
and the new results of each method were compared with the
rankings obtained with the previous one. The other parameters of
the considered methods (e.g., the thresholds of ELECTRE III, the

TABLE 5 | Numerical results of Kendall’s tau and Spearman’s rho correlation tests
between the compared methods (excluding VIKOR and ELECTRE III), with the first
scheme of weights.

SHARE MCA SAW WPM AHP TOPSIS

Kendall’s tau coefficient

SHARE MCA 1.000 0.944 0.833 1.000 1.000

SAW 1.000 0.778 0.944 0.944

WPM 1.000 0.833 0.833

AHP 1.000 1.000

TOPSIS 1.000

Spearman’s rho coefficient

SHARE MCA 1.000 0.983 0.933 1.000 1.000

SAW 1.000 0.917 0.983 0.983

WPM 1.000 0.933 0.933

AHP 1.000 1.000

TOPSIS 1.000

TABLE 6 | Second scheme of weights assigned to the indicators for the
sensitivity analysis.

IEn IH LPL IEc RCS RC

Weights 0.25 0.25 0.25 0.025 0.011 0.214

normalization functions for SHARE MCA, etc.), on the contrary,
were not modified.

The second scheme of weights was based on the assignment
of equal importance to the four main criteria of the hierarchical
structure, i.e., a weight of 0.25 was allocated to Energy,
Environment and fishing, Landscape, and Economy. The weights
assigned to the “leaves” of the decision tree, on the contrary,
remained the same as described at the beginning of section
“Results.” The final weights of the indicators (calculated by
multiplying their weight in the group of leaves and the weight
of the corresponding criterion), for this second scenario, are
presented in Table 6.

Table 7 shows the new results obtained for the case study by
applying the second scheme of weights, for all the seven MCDM
methods. Again, the ranking positions ri of the first five methods
(i.e., SHARE MCA, SAW, WPM, AHP, and TOPSIS) and the
compromise solutions of VIKOR are highlighted in bold type. For
ELECTRE III, the final pre-order of the alternatives is illustrated
in Figure 4.

The results presented in Table 7 show that, using the
second scheme of weights, the rankings generated by the
considered MCDM methods are quite different, even if the
first and the last ranked alternatives for SHARE MCA, SAW,
WPM, AHP, and TOPSIS are always the same (i.e., ALT 3
and ALT 1, respectively—see also Supplementary Figure 5).
This is evident also looking at the new results of Kendall’s
tau and Spearman’s rho correlation tests applied to these
five methods (presented in Supplementary Table 21), which
are visibly lower than the values shown in Table 5 (with
this new scheme of weights, 0.500 ≤ τ ≤ 0.889 and
0.633 ≤ ρ ≤ 0.950). The new graphic comparisons between
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TABLE 7 | Results of the Graines torrent case study for the seven MCDM methods, using the second scheme of weights (Pi = final performance value of alternative i;
ri = position in the ranking; D∗i = distance from the ideal solution, D−i = distance from the negative-ideal solution, RCi = relative closeness, calculated in TOPSIS; Si, Ri,
Qi = values calculated in VIKOR; rAi = position in the ascending ranking, rDi = position in the descending ranking, for ELECTRE III).

ALT 0 ALT 1 ALT 2 ALT 3 ALT 4 ALT 5 ALT 6 ALT 7 ALT 8

SHARE MCA Pi 0.525 0.469 0.526 0.545 0.528 0.503 0.510 0.506 0.513

ri 4 9 3 1 2 8 6 7 5

SAW Pi 0.499 0.415 0.530 0.578 0.548 0.523 0.544 0.518 0.519

ri 8 9 4 1 2 5 3 7 6

WPM Pi 1.528 1.495 1.707 1.767 1.765 1.637 1.667 1.690 1.721

ri 8 9 4 1 2 7 6 5 3

AHP Pi 0.0343 0.0308 0.0347 0.0364 0.0351 0.0341 0.0344 0.0340 0.0339

ri 5 9 3 1 2 6 4 7 8

TOPSIS D∗i 0.084 0.088 0.066 0.064 0.058 0.082 0.078 0.071 0.062

D−i 0.088 0.062 0.072 0.085 0.070 0.085 0.080 0.071 0.060

RCi 0.5093 0.4114 0.5239 0.5714 0.5469 0.5094 0.5094 0.5012 0.4924

ri 6 9 3 1 2 4 5 7 8

VIKOR Si 0.501 0.585 0.470 0.422 0.452 0.477 0.456 0.482 0.481

Ri 0.250 0.250 0.163 0.163 0.131 0.250 0.224 0.207 0.129

Qi 0.741 1.000 0.285 0.138 0.097 0.668 0.497 0.504 0.181

ri 4 5 2 1 1 4 3 3 1

ELECTRE III rAi 6 5 5 2 1 1 1 3 4

rDi 6 6 5 3 1 2 2 3 4

Bold type is used to highlight the compromise solutions for VIKOR and all the ranking positions for the other methods.

each ranking and the aggregated Borda order are illustrated in
Supplementary Figure 4.

Furthermore, comparing the rankings obtained considering
the second scheme of weights with the previous ones (presented
in Table 4), SHARE MCA and WPM methods seem the least
affected by the selected set of weights. Considering the two
rankings obtained for SHARE MCA, indeed, it can be noticed
that the first and the third-ranked alternatives do not change
and the only differences are due to the switch between ALT 0
and ALT 4 at the second and fourth ranks and between ALT 6
and ALT 7 at the sixth and seventh ranks. For WPM, on the
contrary, the first and second-ranked alternatives (i.e., ALT 3
and ALT 4, respectively) remain the same, as well as the last
one (ALT 9), while most of the other alternatives only shift one
position between the two schemes of weights (e.g., ALT 2 moves
from rank 3 to rank 4; only ALT 0 moves from rank 4 to rank
8). Based on these considerations, these two methods can be
considered the most robust ones according to the results obtained
in the case study.

SAW and TOPSIS, on the contrary, appear highly affected by
the choice of the set of weights. Indeed, even if the first and the
last ranked alternatives (i.e., ALT 3 and ALT 1, respectively) are
the same in both the rankings obtained with the different schemes
of weights, other alternatives’ ranks have a significant variation
(e.g., ALT 0 moves from rank 2 to rank 8 in SAW and from rank
2 to rank 6 in TOPSIS). Slightly lower deviations characterize
the AHP rankings.

As concerns the results of VIKOR, using the second scheme
of weights the set of compromise solutions includes again three

alternatives, i.e., ALT 3, ALT 4 (as for the first scheme of weights),
and ALT 8 (which replaces ALT 2). Considering the ranking
by Q, it can be noticed that no significant changes occur after
the variation of the set of weights: most of the alternatives only
shift one rank (e.g., at the top of the ranking, ALT 3 and ALT
4 are switched, as well as ALT 2 and ALT 8) or do not change
their position (i.e., ALT 7, at the sixth position, and ALT 1, at
the last place).

Finally, looking at the pre-order of the alternatives obtained
with ELECTRE III using different schemes of weights
(Figures 3, 4), it can be noticed that they are significantly
different. The previous result was affected by some relations of
incomparability, while the second scheme of weights generates a
linear ranking, with only ALT 5 and ALT 6 resulting indifferent.
Moreover, all the ranks change using different weights, including
the first alternative (ALT 8), which moves from the first to
the fifth position in the ranking, and the last alternative (ALT
0 instead of ALT 1). One of the major changes noticed after
the variation of the weights is represented by the movement
of ALT 5 from the second to last position to the second rank.
This significant variation of the results after a relatively low
modification of weights suggests a high sensitivity of ELECTRE
III according to the considered case study.

Evaluation of the Different
Methodological Approaches
The methodological approaches characterizing the seven MCDM
techniques were compared based both on the results produced
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FIGURE 4 | Final pre-order of the alternatives obtained with ELECTRE III with
the second scheme of weights (generated by the SuperDecisions R© software;
figure modified by the authors).

by the different methods and on the remarks made by
the authors after testing the different techniques. Feedback
collected from some stakeholders involved in the case study
and a representative of the Regional Water Authority was also
taken into account. The results of the comparative evaluation
of the MCDM methodological approaches are summarized
in Table 8 and discussed in subsection “Discussion About
the Comparative Evaluation of the MCDM Methodological
Approaches”. Moreover, the main strengths and weaknesses of
each method are presented in Supplementary Table 23.

DISCUSSION

Discussion About the Comparative
Evaluation of the MCDM Methodological
Approaches
The results of the evaluation shown in Table 8 reveal that
the seven considered MCDM methods are characterized TA
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by different strengths and weaknesses. In this section,
for each assessed feature, the evaluation of the different
methodological approaches is further discussed by comparing
their main characteristics.

The first feature, need for additional parameters, assesses
the level of interaction with the user, i.e., the amount
of information required to the decision-maker or involved
stakeholders to obtain a final ranking of the alternatives.
A high number of additional parameters usually increases the
time necessary for the implementation of the method, also
related to the need for explaining the required parameters to
a non-technical user. It usually also increments subjectivity
and potential errors, since this information is related to a
choice carried out by the user (Dotoli et al., 2020). SAW,
WPM and TOPSIS do not require additional parameters:
only the scores and the weights of each indicator have to
be collected. One additional parameter has to be defined
for VIKOR, i.e., the coefficient υ, while a higher level of
interaction with the users is required by the other three
methods. A set of normalization functions, one for each
indicator, has to be defined for SHARE MCA: in the case
study considered in this paper, they were elaborated by
the group of stakeholders involved in the decision-making
process. Three thresholds, on the contrary, have to be
established for each indicator in ELECTRE III. This assessment
should be based on a careful analysis, which requires a
clear understanding of the meaning of each threshold and
deep knowledge of each indicator. Finally, AHP requires
the highest level of interaction with the user, who is asked
to perform several pairwise comparisons for each level of
the hierarchical structure. As explained in Supplementary
Subsection 1.3, for each pairwise comparison matrix of order
n the number of judgments is n · (n− 1)/2 (In this study
the pairwise comparison process was simplified since the
comparisons of alternatives with respect to each indicator
were performed through “direct input,” as explained in
subsection “Application of the Different MCDM Methods to
the Case Study”).

The ease of understanding and the consequent level of
transparency of the MCDM methods were evaluated by
estimating the time needed by a generic user (including
administrators and stakeholders without a technical background)
to understand all the mathematical procedures. If any user can
easily understand all the procedures, the results produced by a
method will probably be widely accepted, due to a high level
of transparency (Mahmoud and Garcia, 2000). Very complex
methodological approaches, on the contrary, could be perceived
as a “black box” and hardly achieve the trust of the public.
Considering the MCDM methods used in this study, SAW
is obviously the simplest one: indeed, it is well-known even
to practitioners (Zanakis et al., 1998). WPM is also based on
a simple formulation, but its mathematical concept is more
“practitioner-unattractive” (Zanakis et al., 1998). SHARE MCA
is based on the same principle of SAW; however, based on
the experience acquired in Aosta Valley, it can be stated that
the technique is not immediately accepted by non-technical
stakeholders. This is probably due to the time necessary to

understand the hierarchical structure of the problem, as well
as the role of the normalization functions associated with
each indicator. A similar evaluation can be made for AHP:
the breakdown of the problem into a hierarchical structure
facilitates the assignment of judgments by decision-makers, who
can pairwise compare all the elements with the support of the
fundamental scale of Saaty (Altunok et al., 2010). However, the
calculation of the overall performance value for each alternative
is usually performed with the help of a software package and
this may decrease the level of confidence of a non-technical
user. On the contrary, all the phases of TOPSIS and VIKOR
can be performed in a simple spreadsheet and they are quite
easy to be understood. However, more time may be required
to explain to the user the new way in which they approach
the problem, i.e., based on the concept of minimum distance
from an ideal solution. ELECTRE III is characterized by the
most complex methodological approach. The algorithm used
is relatively difficult (Hodgett, 2016) since it requires the
understanding of different concepts (e.g., outranking, strict and
weak preference) and it is based on a large number of operations
(e.g., calculation of the concordance and discordance matrices
for each indicator), which require a lot of time to be explained
and may not be understood by a non-technical user. The long
procedure is usually computed with the help of a software tool,
but the decision-maker may lack confidence in the final results if
he does not widely understand how the input data are processed.
Furthermore, difficulties are linked to the choice of realistic
threshold values (Saracoglu, 2015).

Another considered feature concerned the characteristics
of the input data, i.e., the possibility to use indicators
characterized by quantitative and/or qualitative scores. Most
of the MCDM methods used in this study require the input
of quantitative scores. Only AHP and ELECTRE III can
also handle qualitative scores. In AHP, the alternatives can
be pairwise compared even with respect to a qualitative
criterion/indicator: using the fundamental scale of Saaty, the
decision-maker can measure how many times an alternative is
more important than another one. The initial qualitative scores
are thus transformed into numerical values in the corresponding
pairwise comparison matrix. ELECTRE III, on the contrary,
was specifically designed to deal with uncertainty, inaccuracy,
and ill-determination of data, through a threshold approach.
This method, indeed, is based on the use of “pseudo-criteria”
and fuzzy binary outranking relations (Figueira et al., 2005).
Therefore, it can handle ordinal or descriptive information,
also with different dimensions, and it does not require the
normalization of the decision matrix (Zanakis et al., 1998).
Regarding the number of criteria and alternatives, AHP is
affected by some restrictions: a high number of elements to
be pairwise compared, indeed, can decrease the consistency of
the judgments provided by the decision-maker. For example,
Saaty suggested that the number of criteria or alternatives to
be compared through AHP should be limited to nine (Lima
Junior et al., 2014). ELECTRE III may also be considered
more suitable for decision problems characterized by a limited
number of criteria and alternatives, since it is frequently not
able to generate a complete ranking of the alternatives (Caterino
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et al., 2009). For the other considered MCDM methods, there
are no limitations.

Another feature assessed for the seven MCDM methods was
the level of transformation of the original data and the risk
to lose some initial information during their processing (when
several transformation phases are required), thus affecting the
final performance values. WPM received the best evaluation
since the comparison of alternatives is performed through some
ratios (one for each indicator). This structure of the method
even does not require the normalization of the initial decision
matrix (if all the indicators are of the same type, i.e., benefit
or cost) (Caterino et al., 2009): hence, all the data are used in
their original form. Similar remarks were made for ELECTRE
III, which does not require normalization of data since it can also
process ordinal and imprecise indicators (Zanakis et al., 1998). In
the first phase of SHARE MCA, SAW, TOPSIS, and VIKOR, on
the contrary, the decision matrix has to be normalized in order
to transform the different types of indicators into comparable
(non-dimensional) variables. This procedure partially alters the
initial data, with a potential loss of information. Moreover,
different methods of normalization can be used and this choice
has also an effect on the final results (Jafaryeganeh et al., 2020).
Similarly, in AHP, pairwise comparisons among the alternatives
(with respect to each indicator), based on the fundamental scale
of Saaty, transform the original data (Dotoli et al., 2020). In
addition, even if the scores of alternatives for each indicator
are introduced in the software through a direct input (i.e.,
keeping the initial decision matrix, as was done in this study),
normalization is carried out by dividing the scores by their sum
(Zanakis et al., 1998).

The visualization, or typology, of the results was also evaluated
for the seven considered methods. As shown in Table 4, SHARE
MCA, SAW, WPM, AHP, and TOPSIS generate a complete
ranking of the alternatives. A performance value P(Ai) is
also calculated for each alternative. VIKOR, on the contrary,
produces three rankings (by Q, S, and R, with the corresponding
performance values), from which one or more compromise
solutions are proposed (Opricović and Tzeng, 2004). Moreover,
in some cases, a complete ranking of the alternatives may not be
generated (Zamani-Sabzi et al., 2016). The results of ELECTRE III
(see Figure 3) are even more different since a performance value
is not calculated for each alternative, but only an ordinal rank is
assigned to them. This may reduce the level of transparency for
the user. Moreover, the results can be affected by the presence of
some relations of incomparability between the alternatives, which
can generate an equivocal final ranking. In addition, in some
cases, a complete ranking cannot be achieved (Hodgett, 2016).

To evaluate the consistency of the results, the outcomes of
the sensitivity analysis were taken into account. As described in
subsection “Results of the Sensitivity Analysis,” the sensitivity
analysis was performed by applying a different scheme of weights
and comparing the new results with the previous ones. SHARE
MCA, WPM, and VIKOR were the least affected by the choice
of weights and therefore they can be considered robust. A lower
consistency was assessed for AHP and above all for SAW,
TOPSIS, and ELECTRE III, whose rankings were affected by
significant variations after the relatively small change of weights.

In particular, for ELECTRE III, all the alternatives’ ranks changed,
including the first and the last ones. For this reason, the
consistency of these three methods was assessed as low. It has to
be highlighted, however, that the sensitivity analysis performed in
this study only took into account the weights. Other parameters,
like the thresholds of ELECTRE III, the coefficient υ of VIKOR,
or the normalization functions used in SHARE MCA, can affect
the consistency of their results and should therefore be analyzed
in a more in-depth study.

The discrimination of the results was aimed at evaluating,
for each method, the difference between the alternatives within
the produced ranking. It was assessed by calculating two
percentage difference indexes, between the best and the worst-
ranked alternatives (DBW) and between the first and the second
positions of the ranking (DFS). The results are available in
Supplementary Table 22). From this analysis, it was noticed that
a high discrimination of the results is ensured by TOPSIS and
SAW, while in SHARE MCA and AHP the performance values
of the first and second-ranked alternatives are very close to each
other. The highest discrimination, considering the ranking by Q,
was noticed for VIKOR: in reality, this method already includes
a similar check in the final phase of the procedure (i.e., the
condition of “acceptable advantage”) to select the alternative(s)
to be proposed as compromise solution(s). The indexes were not
calculated for ELECTRE III, since this method does not provide a
performance value for each alternative, but only an ordinal rank.
However, the final ranking highlights the presence of alternatives
that result indifferent after the procedures of descending and
ascending distillation and ranks them in the same position (e.g.,
ALT 5 and ALT 6 in Figure 4).

Finally, based also on the previous evaluations, the last
feature was assessed, i.e., the overall feasibility and replicability
of the different MCDM methodologies. This feature aimed at
evaluating not only the applicability and the effectiveness of each
method in the considered case study, which was relatively simple,
involving only one small HP plant, but also the possibility to
adopt the procedure in more complex HP management decision-
making processes, e.g., to identify the optimum management
of a system of withdrawals located in an entire watershed.
Therefore, not only the consistency and reliability of the results
produced by the method is important, but also the transparency
of the procedure and the possibility to directly involve different
concerned stakeholders (even non-technical actors) in the
decision-making process, without decreasing their level of trust,
are essential. All these characteristics also influence the possibility
to integrate a methodological approach in the regulatory and
management tools.

Based on the remarks made by the authors and the
stakeholders’ feedback, ELECTRE III was assessed as the least
feasible among the considered MCDM methods, above all for
complex decision-making problems. Despite its advantages (like
a rigorous mathematical procedure based on the outranking
concept and the possibility to deal with data affected by
uncertainty and imprecision), indeed, the algorithm used is
relatively complex and would require a lot of time to be
understood by non-technical stakeholders or decision-makers.
In addition, the final ranking, usually obtained by means

Frontiers in Environmental Science | www.frontiersin.org 15 April 2021 | Volume 9 | Article 635100

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-09-635100 April 12, 2021 Time: 18:22 # 16

Vassoney et al. Comparing MCDM Methods for Hydropower

of a software package, can be affected by some relations
of incomparability between the alternatives, which are not
associated with a performance value, but only with a rank
position. In some cases, a complete ranking cannot even be
achieved. All these aspects would reduce the level of trust of the
involved stakeholders and decision-makers. Moreover, the results
of the case study presented in this paper showed a low consistency
of the method, since the results were significantly affected by the
modification of weights.

Higher feasibility was assessed for AHP, even if the method
requires a high level of interaction with the involved actors
to perform the pairwise comparisons. This also implies a
restriction on the number of alternatives and criteria that can
be considered to ensure the consistency of the judgments: it
could not be suitable, therefore, for highly complex decision
problems. A positive characteristic of AHP is the breakdown of
the problem into a hierarchical structure, which facilitates its
understanding, but the calculation of the overall performance
value of the alternatives is usually performed through a software
tool, thus potentially reducing the level of confidence of non-
technical stakeholders and decision-makers.

TOPSIS and above all SAW, on the contrary, can be easily
explained even to non-technical actors and the mathematical
procedures can be performed in a simple spreadsheet. This would
probably increase the level of trust of stakeholders and decision-
makers. However, the sensitivity analysis carried out in this study
showed a relatively low consistency of the results, since the
rankings were affected by significant changes after a relatively
low variation of weights. Further analyses should be carried out
in the future, considering also more complex HP management
decision-making processes.

In contrast, the experience acquired in the real decision-
making process carried out on the Graines torrent demonstrated
the feasibility of SHARE MCA and its possibility to be officially
integrated into regulatory tools. Even if the method was not
immediately understood by the stakeholders and despite the need
to define a normalization function for each indicator, indeed,
the hierarchical structure (similar to the one used in AHP)
allows decomposing, and thus simplifying, complex problems.
Moreover, the calculation of the final performance values of the
alternatives is based on the same additive principle of SAW,
easy to explain and to be accepted also by non-technical actors.
Furthermore, the sensitivity analysis performed in this paper
proved the robustness of the method, even if the discrimination
of the results is relatively low.

Finally, WPM and VIKOR also showed interesting
characteristics, like the high consistency of the results and
the relatively simple procedure, which can be performed in a
simple spreadsheet. Nevertheless, (as stated by Zanakis et al.,
1998 for WPM) their mathematical concepts may be more
“practitioner-unattractive” compared, for example, to SAW and
would therefore probably require more time to be explained
and accepted by non-technical stakeholders and decision-
makers. In addition, while the discrimination of the results
provided by WPM is relatively low, VIKOR also checks the
presence of an “acceptable advantage” between the first ranked
alternative (by Q) and the following ones in order to define

the set of compromise solutions. Further analyses should be
carried out in future studies concerning more complex HP
management problems.

Further Remarks on the Case Study and
the Obtained Results
The aim of this study was not to identify a method that is
better than the others across all possible conditions, but to
investigate the applicability and effectiveness of different MCDM
methods for a specific type of decision-making problems, i.e.,
the selection of a flow release scenario to be implemented
downstream of HP plants.

The rankings of the alternatives generated by the seven
considered methods (SHARE MCA, SAW, WPM, AHP, TOPSIS,
VIKOR, and ELECTRE III), with the first set of weights,
were generally highly correlated. Only VIKOR and ELECTRE
III produced different results, not only in terms of ranking
order but also of format. These observations are consistent
with the conclusions of Zamani-Sabzi et al. (2016), who
investigated and statistically compared the performances of 10
MCDM techniques (i.e., SAW, WPM, TOPSIS, four types of
AHP, VIKOR, ELECTRE, and CP—compromise programming),
concluding that SAW, TOPSIS, WPM, and AHP had a higher
correlation, while the results of VIKOR and ELECTRE (and CP)
were less consistent. This is probably due to the different, more
elaborated, procedure used by these methods and the different
types of ranking produced. Moreover, the sensitivity analysis
performed in this study by adopting a second, slightly different,
scheme of weights revealed a high consistency of some methods
(i.e., SHARE MCA, WPM, and VIKOR), which can thus be
considered robust.

These results, together with the comparative analysis of the
different methodological approaches presented in subsection
“Evaluation of the Different Methodological Approaches” and
discussed in subsection “Discussion About the Comparative
Evaluation of the MCDM Methodological Approaches,” can
help the stakeholders involved in the decision-making process
to be more aware of the intrinsic complexity of the different
methods and the variability of the obtained rankings. This
awareness should increase their sense of responsibility and
degree of involvement.

Moreover, the similarity of the results obtained through the
different MCDM methods could encourage the stakeholders
in adopting, in future decision-making processes, also other
techniques (in addition to the initially considered SHARE MCA
method). Thus, the comparison of their results would increase the
robustness of the final decision (i.e., the alternative considered as
the optimal scenario according to different methods would more
likely be the best one). This could also help the decision-maker,
who would be more confident in adopting the optimal scenario
and would more easily avoid conflicts among stakeholders.

Furthermore, the results showed that the alternatives ranked
in the first positions always represented flow release scenarios
variable during the year and above all “real-time” alternatives
(i.e., varying on an hourly basis according to the watercourse
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discharge available upstream of the dam). For example, the first-
classified alternative by all the methods (apart from ELECTRE
III) was ALT 3, a “real-time” alternative based on a minimum
flow of 70 l/s incremented by an additional release calculated
as a percentage of the watercourse discharge, except for the
summer months, characterized by a higher fixed release (see
Table 2). ALT 4 (a “real-time” scenario representing a modified
version of ALT 3) and ALT 2 (a release scenario characterized
by fixed monthly values, ranging from 70 to 300 l/s, based on
the MesoHABSIM application on the affected watercourse) were
also ranked in the upper part of the ranking by all the methods
(excluding ELECTRE III, with the second scheme of weights). On
the contrary, ALT 1, a fixed release scenario of 100 l/s proposed by
the HP company, was always ranked in last position (apart from
the ranking produced by ELECTRE III considering the second
scheme of weights, where it was classified second to last).

These results demonstrated that flow release scenarios
foreseeing a fixed release for all the year are not sustainable,
due to the high negative impacts on the watercourse ecology
and landscape, which are even not counterbalanced by the
high related economic income. On the contrary, “real-time”
alternatives allow a more balanced distribution of negative and
positive effects of the withdrawal, usually representing the best
compromise among protection of river ecosystems, landscape
safeguard, and HP production needs.

It has to be highlighted that the considered small HP plant was
built recently and thus it could be equipped to implement real-
time withdrawal. A continuous monitoring system, installed at
the HP dam, provides the upstream flow data series (measured
every 5 min and subsequently aggregated on an hourly basis)
which, through a programmable logic controller, determine the
opening or closing of the withdrawal devices. This system (which
is frequently adopted in the regional context) allowed, during
the decision-making process, the definition of such intermediate
flow release scenarios (named “real-time” alternatives). These
alternatives are more finely tuned with the natural flow regime
than the scenarios that can be implemented downstream of older
plants, characterized by fixed releases. They can, therefore, ensure
a more natural variability of the flow, required by ecosystems to
maintain their ecological functioning (Arthington et al., 2006).

This HP plant was considered in this study also because it
is characterized by a simple withdrawal scheme (i.e., a single
withdrawal point and a single release point), which allowed
the use of a simple framework for the application of the
different MCDM methods. The absence of other upstream
water abstractions within the watershed also avoided the
impact of additional hydrological alterations and supported the
indicators’ reactiveness. Moreover, since the decision-making
process was already concluded, flow rate series and the other
data necessary for the implementation of the MCDM methods
were available and a critical analysis about the procedure and the
outcomes was possible.

By evaluating the methodological approaches of the
considered MCDM techniques based on a set of features,
in this paper some methods were identified as more feasible
and replicable, also in more complex HP management decision-
making processes. Indeed, the considered case study involved

only one small HP plant, but the current management decisions,
especially in mountain contexts already widely exploited for HP
production, often concern systems of HP plants located in an
entire watershed, where the upstream release scenario affects the
downstream scenarios. Moreover, since the most suitable sites
for large HP plants have already been exploited in the Alpine
area, the focus is currently on the refurbishment or strengthening
of the existing plants or on new small HP projects, located on
the remaining unexploited rivers, with significant environmental
effects (Ferrario and Castiglioni, 2017). Therefore, there is
a risk of increasing pressure on still pristine river stretches,
like headwaters, which have become increasingly rare (Alpine
Convention–Platform Water Management in the Alps, 2011).

In this context, decision-making processes involving different
concerned stakeholders are extremely important and the use
of MCDM methods that ensure the reliability of the results,
but also the transparency of the procedures, is necessary to
increase the level of trust of all the involved actors. For these
reasons, in this study, methods like ELECTRE III appeared hardly
replicable for complex water management problems, due to the
relatively complex algorithms used, which would be difficult
to explain to (and be accepted by) non-technical stakeholders
or decision-makers. On the contrary, methods characterized by
relatively simple procedures are usually related to a higher level of
perceived transparency and a higher trust for the obtained results.
When providing reliable and consistent results, these methods
can also be implemented in regulatory tools and actually applied
for, even complex, HP management decision-making problems.

CONCLUSION

Multi-criteria decision-making (MCDM) is recognized as an
important tool in addressing issues related to environmental
management. Over the last decades, several MCDM methods
have been adopted, in different countries, to solve conflicts
over water resource use, including decision problems concerning
hydropower planning and management. However, only few
studies in this field have applied different MCDM techniques
to the same case study to compare their results (e.g., Özelkan
and Duckstein, 1996; Carriço et al., 2014; Ehteram et al., 2018).
Nevertheless, assessing how the choice of different MCDM
methods might affect the final decision (due to a potential
different ranking of alternative options) is extremely important if
MCDM is used in real decision-making processes that can lead to
relevant actions. Such evaluation could also support the selection
of the most appropriate approach to be used when dealing with
HP management decisions.

Therefore, in this paper, SHARE MCA, SAW, WPM, AHP,
TOPSIS, VIKOR, and ELECTRE III were applied to the same real
case study of HP management, to select the optimal flow release
scenario to be implemented downstream of a small run-of-the-
river HP plant on the Graines torrent, in Aosta Valley. The same
alternatives and indicators were considered in all the methods,
as well as the indicators’ weights. A sensitivity analysis was also
carried out by adopting a slightly different scheme of weights
to assess the robustness of the methods. The results obtained
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with the first set of weights were generally highly correlated,
while the sensitivity analysis showed a high consistency for some
methods (i.e., SHARE MCA, WPM, and VIKOR), which can thus
be considered robust.

The real decision-making process carried out on the Graines
torrent proved the feasibility of SHARE MCA, which has led
to an actual management decision endorsed by the Regional
Government, and the possibility to officially integrate this
method in regional regulatory tools. However, based on the
results presented in this paper and according to the remarks made
by the authors and the stakeholders’ feedback, other MCDM
methods (like WPM and VIKOR) also showed interesting
characteristics in terms of overall feasibility. Further thorough
analyses should be carried out in the future to test their actual
suitability also for more complex HP management decisions in
the Alpine area.
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of multicriteria decision aid to sustainable hydropower. Appl. Energy 101,
261–267. doi: 10.1016/j.apenergy.2012.05.024

Wang, B., Nistor, I., Murty, T., and Wei, Y.-M. (2014). Efficiency assessment
of hydroelectric power plants in Canada: a multi criteria decision making
approach. Energy Econ. 46, 112–121. doi: 10.1016/j.eneco.2014.09.001

Wibowo, S., Grandhi, S., and Tom, M. (2015). “A multicriteria analysis approach
for evaluating the sustainability performance of hydropower projects under
hesitant fuzzy environment,” in Proceedings of the 2015 7th IEEE International
Conference on Cybernetics and Intelligent Systems (CIS) and Conference on
Robotics, Automation and Mechatronics (RAM), (Siem Reap: IEEE), 98–103.
doi: 10.1109/ICCIS.2015.7274555

Yang, Z., Yang, K., Wang, Y., Su, L., and Hu, H. (2020). Multi-objective short-
term hydropower generation operation for cascade reservoirs and stochastic
decision making under multiple uncertainties. J. Clean. Prod. 276:122995. doi:
10.1016/j.jclepro.2020.122995

Zamani-Sabzi, H., King, J. P., Gard, C. C., and Abudu, S. (2016). Statistical
and analytical comparison of multi-criteria decision-making techniques under
fuzzy environment. Oper. Res. Perspect. 3, 92–117. doi: 10.1016/j.orp.2016.11.
001

Zanakis, S. H., Solomon, A., Wishart, N., and Dublish, S. (1998). Multi-attribute
decision making: a simulation comparison of select methods. Eur. J. Oper. Res.
107, 507–529. doi: 10.1016/S0377-2217(97)00147-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Vassoney, Mammoliti Mochet, Desiderio, Negro, Pilloni and
Comoglio. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Environmental Science | www.frontiersin.org 20 April 2021 | Volume 9 | Article 635100

https://doi.org/10.2166/wp.2014.405
https://doi.org/10.2166/wp.2014.405
http://www.alpine-space.org/2007-2013/projects/projects/index1d27.html?tx_txrunningprojects_pi1[uid]=22&tx_txrunningprojects_pi1[view]=singleView
http://www.alpine-space.org/2007-2013/projects/projects/index1d27.html?tx_txrunningprojects_pi1[uid]=22&tx_txrunningprojects_pi1[view]=singleView
https://doi.org/10.1504/IJMCDM.2016.081389
https://doi.org/10.1080/02508060008686841
https://doi.org/10.1038/s41598-019-41575-6
https://doi.org/10.1111/j.1539-6924.2008.01130.x
https://doi.org/10.5937/industrija42-4699
https://doi.org/10.5937/industrija42-4699
https://doi.org/10.1016/j.enpol.2009.01.023
https://doi.org/10.1016/j.enpol.2009.01.023
https://doi.org/10.1109/TEM.2005.845221
https://doi.org/10.1007/s00027-003-0643-z
https://doi.org/10.1007/s00027-003-0643-z
https://doi.org/10.1016/j.jenvman.2017.02.067
https://doi.org/10.1007/s11269-019-02459-6
https://doi.org/10.1007/s11269-019-02459-6
https://doi.org/10.3390/w11040640
https://doi.org/10.1890/11-2066.1
https://doi.org/10.1016/j.apenergy.2012.05.024
https://doi.org/10.1016/j.eneco.2014.09.001
https://doi.org/10.1109/ICCIS.2015.7274555
https://doi.org/10.1016/j.jclepro.2020.122995
https://doi.org/10.1016/j.jclepro.2020.122995
https://doi.org/10.1016/j.orp.2016.11.001
https://doi.org/10.1016/j.orp.2016.11.001
https://doi.org/10.1016/S0377-2217(97)00147-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles

	Comparing Multi-Criteria Decision-Making Methods for the Assessment of Flow Release Scenarios From Small Hydropower Plants in the Alpine Area
	Introduction
	Materials and Methods
	Short Overview of the Multi-Criteria Decision-Making Use in the Field of Hydropower
	Definition of the Decision Matrix
	Multi-Criteria Decision-Making Methods
	Comparative Analyses of Different MCDM Methods' Results
	Sensitivity Analysis
	Evaluation of the Overall Methodological Approach for the Different MCDM Techniques
	Case Study
	Application of the Different MCDM Methods to the Case Study


	Results
	Comparison of the Rankings Obtained Through the Different MCDM Methods
	Results of the Sensitivity Analysis
	Evaluation of the Different Methodological Approaches

	Discussion
	Discussion About the Comparative Evaluation of the MCDM Methodological Approaches
	Further Remarks on the Case Study and the Obtained Results

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


