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Abstract: Water is involved, directly or indirectly, with many activities and needs that have to be
met. The large scale and importance of water projects, the investments needed, the difficulty in
predicting the results, and the irreversible character of the decisions have made decision making a
complex scientific process. This paper presents a multicriteria analysis (MCA) tool for evaluating
water resource management (WRM) strategies and selecting the most appropriate among them,
using as an example a Greek area based on agricultural economy, which faces water scarcity
problems. Seven alternative strategies were evaluated under hydrological and economic criteria.
Four techniques were used—multi attribute utility theory (MAUT), analytic hierarchy process (AHP),
elimination and choice expressing reality (ELECTRE), and technique for order of preference by
similarity to ideal solution (TOPSIS)—based on the main MCA techniques (utility theory, analytical
hierarchy, outranking theory, and classification theory, respectively), to compare their performance,
and to reach the most appropriate and ‘fitting” method for the examined problem. The weightings
extracted from two samples, (i) a sample of decision makers/stakeholders and (ii) a group of WRM
experts, were used to compare the results. The process was carried out for each questionnaire, and
thus the model shows the uncertainty of each sample group and of each method, as well as the
overall uncertainty. The results illustrate the reality of the WRM problems of the watershed, enlighten
their roots, and have further strengthened our conviction that the cooperation between the scientific
community and the authorities is vital for more sustainable and efficient WRM.

Keywords: multicriteria analysis tool; decision support system; water resource management
strategies; Lake Karla watershed

1. Introduction

Complex management problems can be solved by a number of alternative strategies (decisions,
policies, or actions), with different characteristics and consequences. They also may not have
common comparison measures, so it becomes difficult to say which one of the alternatives is the
most profitable [1,2]. The complexity and difficulty of the problems lies in the multidimensional
nature of the impacts, and the uncertainty surrounding the data and the alternatives [3,4]. Decisions
are the result of an organized and complex process that uses information and criteria to prioritize
and identify the most appropriate solution [5]. Every decision includes purposefulness [6], and due
to the increment of their importance, the decision making process has become more ‘scientificated’
over time [7,8]. Multicriteria analysis (MCA) or multicriteria decision analysis (MCDA) is the process
used for finding the most appropriate decision, as it introduces criteria that reflect the objectives
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of the problem’s alternatives. Recent technological developments have provided better, faster, and
more reliable computing tools for the implementation of the methodological developments of MCA
in decision support systems. The different approaches and techniques may vary, and they do not
respond in the same way for every problem. Thus, many decision support systems (DSS) with different
definitions have been developed [9-13]. Today, the term DSS has prevailed to be the interactive
system (software) that uses computational multicriteria analysis techniques to assist decision makers
(DMs) [14]. The selection of the most appropriate technique depends on the nature and characteristics
of the problem, the scope of the decision making process, and other factors, such as the ease of handling
each approach and the type of information required [15].

The conversion of the status of aquatic systems to cover water demand in the most sustainable
and profitable way is actually a complex decision making process [16,17]. Decisions on water
resource management issues refer to great scale works, demand large investments in money, affect
a big part of the population, and are hardly reversible [18]. These decisions also have significant
consequences on both the environment and the characteristics of the areas concerned (e.g., land use,
economic and social conditions, etc.). Another important peculiarity of water management decisions
is the weakness at predicting their social approval and the pressures that they will bring [19,20].
The above make it clear that such decisions must be carefully planned, and that they have to be
scientifically approached [21,22]. MCA techniques have been successfully implemented in water
resource management [23,24]. The main uses of MCA in water policy concern water allocation in river
basins and watersheds (land uses, reservoirs, economy; etc.), studies for the optimum exploitation of
aquifers, studies of project appraisal, water policy and supply planning, water quality management,
and marine protected area management [25-27]. MCA techniques have also been implemented in the
field of water economics [28,29]. The most appropriate method is not known a priori, and it needs
to be analyzed. Tecle [30] used an innovative approach, using MCA to evaluate 15 different MCA
methods applied in water resource management. Several comparative studies of MCA methods on
water resource management have been carried out [31-33]. A general conclusion from the above is
that no method is better than another overall, nor is any superior by its nature [34].

Hence, an integrated approach that will provide the analyst with the possibility to examine more
techniques and tools may be more useful in a specific problem. To the best of our knowledge, there
is no model consisting of different MCA techniques that approach the same problem, nor a model
that integrates many different methods. Herein, a DSS tool that combines four MCA methods for the
evaluation of water resource management strategies is presented. Seven strategies for sustainable water
demand management are examined in the form of alternative management scenarios. Their evaluation
is based on hydrological and economic criteria, such as water balance, net profit, and full cost of water.
The different MCA techniques combined in the model are the multi attribute utility theory (MAUT) [35],
analytic hierarchy process (AHP) [36], elimination and choice expressing reality (ELECTRE) [37], and
technique for order of preference by similarity to ideal solution (TOPSIS) [38]. The weightings were
extracted from two samples, a sample group of decision makers/stakeholders and a sample group of
experts on water resource management, in contrast with most approaches where the users (farmers)
constitute the sample. This is an innovative element of the study, as the opinion and perception of the
actual policy makers is retrieved.

In this study, seven (7) alternative strategies or management scenarios were developed and four (4)
MCA methods were applied, aiming to reduce the irrigation water demand of the watershed according
to sustainable water resource management principles, and proposing more efficient operation of the
local economy. A watershed in Greece, which is based on agricultural economy and faces water scarcity
problems, was used as a case study. The design of the approach, with the factors considered, arose
from the general need for more rational water resource management in Greece, and is an innovative
case study application. After analysis of the model’s results, the performance of different methods and
different samples could be compared. Thus, an integrated and impartial DSS is provided, as it is able
to suggest the most appropriate method for the examined problem and to provide a well-rounded
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point of view regarding the questioned sample. It also contributes to completing and expanding the
decision makers’ knowledge, as well as helping and supporting their decision making process, and
includes the experts” opinion.

2. The Studied Problem

One of the most important problems in South Europe, and also worldwide, is water scarcity.
Whether as quantitative deficit or qualitative degradation, whether in terms of lack of economic tools
and investments to exploit the available water resources, coverage of the demand is becoming tougher.
The policies of increasing water supply, treating water as a non-depleting good, especially in the
agricultural sector, have brought significant environmental impacts. Greek irrigated agriculture faces
such problems, too. Agriculture is the largest water consumer, with difficulties in its management
and high productive and economic objectives. Thus, it is essential to provide solutions able to
achieve economic objectives under environmental constraints. The studied case application concerns
a contemporary problem of irrigation water management. The study area is Lake Karla Watershed,
located in central Greece (Figure 1), in the southeast of the Water District of Thessaly, between Volos
and Larissa. Its main water supply source for irrigation water use is the aquifer, which is severely
overexploited, and the Pinios River. The natural Lake Karla was drained in 1962 for flood protection
and more farmland. However, a number of environmental problems occured, such as depletion of the
underlying aquifer, pollution of the groundwater, floods, and extreme climatic events. Due to severe
over-pumping of the aquifer, the groundwater level fell about 200 m below the earth surface. Most of
the water is pumped from the permanent groundwater stock [39]. These problems led to the decision
to reconstitute the former lake, by constracting a reservoir and irrigation network to use the reservoir
stored water for irrigation of the agricultural fields adjacent to the reservoir and, consequently, stop
the groundwater pumping.

The restoration works begun in 1981 and completed in 2010. Today, the reservoir is being refilled
from the Pinios River until it is ready to operate and irrigate an area which is currently served from
groundwater, deteriorating the aquifer further. The authorities responsible for water management in
the watershed are the Local Administration of Land Reclamation (LALR) of Pinios (which serves an
area of 154 km?, mostly covered with a surface irrigation network) and Karla LALR (which serves an
area of about 10 km? and the future localized pipe irrigation network). The LALR’s management is
very poor, without complete databases, records, and economic management tools. Furthermore, the
water balance of the watershed is negative [40,41], while the irrigation water use is not billed at all,
providing no incentives for conservation [42].

Seven alternative strategies (management scenarios) were developed, aiming to reduce the
irrigation water demand of the watershed according to sustainable water resource management
principles, and to support more efficient operation of the local economy. It should be clarified that,
today, the Lake Karla reservoir has been constructed and receives water inputs, but it does not operate
to supply irrigation water to the adjacent agricultural fields because the irrigation network of Karla
LALR is under construction. There are a number of funding and management issues that should be
resolved before the reservoir operates as planned. For this reason, the non-operation of Lake Karla
reservoir is considered in the following future scenarios and strategies (i.e., scenarios 1la and 1b).
The strategies used were simulated in our previous works [41,43]:

e  Scenario la: Reducing water irrigation losses in the current situation. The Karla reservoir is not
active yet. Water needs are covered from the groundwater aquifer and from the Pinios River.
This can be practically achieved by cleaning and maintaining the irrigation canals.

e  Scenario 1b: Replacing irrigation methods with more efficient methods than the current situation.
Previous field surveys have shown that the majority of the basin’s farmers are using sprinklers.
This scenario was developed based on the assumption that sprinklers are replaced with drip
irrigation, which is more efficient.
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e  Scenario 2: Future situation (operation of the reservoir and the new Karla network). Some new
irrigation areas can be served from the reservoir’s surface water (instead of the underlying aquifer).
To implement this scenario, the local authorities need to ensure that the water from Pinios will
reach to the reservoir.

e  Scenario 2a: Replacement of 25% of cotton crops with winter wheat, in Scenario 2.

e Scenario 2b: Replacement 20% of cotton crops with 10% winter wheat and 10% maize.
The development of the crop replacement scenarios was based on the crop distribution of the
watershed during the past ten years, and on some factors that affect the farmers” decisions on
what to cultivate (e.g., subsidies and product prices timeseries). The trends are also in agreement
with the objectives set by the Common Agricultural Policy (CAP 2015-2020), which provides
more incentives for cultivating less water consuming crops [44].

e  Scenario 2c: Reducing water irrigation losses in Scenario 2, in the same way that was considered
in Scenario 1a.

e  Scenario 2d: Replacing irrigation methods with more efficient methods in Scenario 2, according to
Scenario 1b.
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Figure 1. The study area and its management authorities [40].
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The proposed DSS evaluates the above scenarios, using the MCA techniques mentioned in the

introduction section, under the following criteria:

Criterion 1: Water balance. The water supply, the crop distribution and areas, and the water
demand of the watershed was estimated. The irrigation water requirements were calculated by
using CROPWAT 8.0. software [45] and were adjusted for the water supply network and the
irrigation method efficiency, which were estimated from a field survey. Thus, the water balance
was calculated [41].

Criterion 2: Net Profits. Data concerning crop distribution, average yields, product prices,
subsidies, and production costs, were collected. A simple logistic model was developed and
implemented in order to calculate the net profits from the agricultural activities [43].

Criterion 3: Full cost of water. According to the European Framework Directive 2000/60, and of
course the Greek Ministry of Environment [44], the full cost of water has to be taken into account
in every water resource management plan. It is the sum of the three following costs:

O Monetary (or direct) cost: the cost for the water supply company. The financial data of
the annual balance sheets of Pinios and Karla LALRs were collected and used in order to
estimate the capital cost, the cost of maintenance and operation, and the administrative
cost (at their present value).

O Natural resource cost: the cost associated with damage or negative impact on the aquatic
environment in terms of water scarcity or resource misallocation. It was treated as: (a) the
opportunity cost (lost profits) due to the exploitation of the water resources faster than
their natural rate of renewal [46]. This was estimated as the net profit that occurs if
the deficit water (from the water balance) is distributed to the existing crop pattern.
(b) The opportunity cost, since the water may be not allocated to its optimum use, but
to other less profitable uses [46]. Then, the natural resource cost expresses the difference
between the current and the optimum water allocation [47]. The optimum use is actually
the optimum crop distribution resulting from a net profit maximization problem, with
environmental constraints.

O Environmental cost: the cost associated with the damage of use, or negative impact on the
aquatic environment in terms of qualitative degradation. The environmental damage is
equal with the cost needed to bring the environment back to its original state [46], and
therefore associated with the cost of restoring the quality of the water used in its original
condition (maximum allowed pollutant concentrations for irrigation) [44].

These specific criteria were chosen because they are the most appropriate and representative to

illustrate the sample’s opinion, perception, and comprehension of the environmental (water balance)
and economic (net profit) components of the system. The usage of terms like full cost of water is
interesting for checking how familiar the decision makers are with these new concepts that are about
to be implemented, and how they connect it with their decisions. Using the minimum possible number
of criteria demands less effort from the decision maker and makes the analysis simpler. The exclusion
of other criteria (e.g., water quality, irrigation water costs, efficiency indices, etc.) has been done
after a correlation test among them. Thus, the independence and sufficiency of the examined criteria

was ensured. The performance values of the management scenarios under the selected criteria were

calculated as described above, and the results are presented in the following Table 1.
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Table 1. The water balance of the watershed, the net profits from the agricultural activity, and the full
cost of water, for each management scenario.

Alternatives Criterion 1—Water Criterion 2—Net Profit Criterion 3—Full Cost
Balance (hm?) (mil. €) of Water (mil. €)

1A —71.26 47.31 27.83

1B —142.49 47.31 34.39

2 —99.55 49.40 25.92
2A -78.17 47.33 23.59

2B —90.26 48.67 24.90
2C —10.52 49.40 22.67
2D —81.67 49.40 26.47

Although Scenario 2C seems to be the most beneficial regarding the results, it cannot be considered
to be the most appropriate solution a priori. Nothing is obvious, as most of the respondents did not
consider the same criteria important. The high values of Criterion 3 for the alternatives 1B and 2D, for
example, are due to the high installation cost of drip irrigation, which many consider will be covered
by a state subsidy. Furthermore, in some other cases, scenarios 2B and 2A were considered more
appropriate, as some respondents (mainly from the authorities of the decision makers group) believed
that they will be more profitable, in long term.

3. Methodology

As mentioned before, the model consists of four MCA methods (MAUT, AHP, ELECTRE and
TOPSIS), for the evaluation of alternative management strategies (scenarios). At an earlier stage, more
methods were tested. It was considered better to present these four methods, as they suited better
to the problem and are based on the four most representative theories of the MCA, and to list their
advantages and disadvantages as recommendations for application to similar problems, rather than to
directly provide the most appropriate one. The weightings were retrieved through a questionnaire
survey from a sample of experts and decision makers/stakeholders. The questionnaire was formed
based on the weighting method, which is necessary for the implementation of each MCA method.
The following scheme (Figure 2) describes the logic of the analysis.

Water
y Balance Epas
\
/ \
. /| MCA model (MAUT/ AHP/ ELECTRE/ -
\ Net Profit |—»| OIS, / Weights
/
N[ Full Cost of l Decision-
water - Makers
Most appropriate
management
Scenarios

Figure 2. The integrated MCA model.

Hereafter, the theoretical background of the techniques used is explained. Firstly, MAUT is based
on Utility Theory, a fundamental of the theoretical development and practical implementation of
MCA [48,49]. The studies of von Neumann and Morgenstern, and Savage in 1940-1950, modelled
a value-weight system, similar to a decision maker’s logic [50]. MAUT became the most indicative
example of using utility functions [35,51,52]. Today the additive utility function is its most widely
used form [53], where the alternative with the highest utility is considered to be the most appropriate.
The method uses sub-criteria (in contrast with the other three techniques used) for the developement
of the utility functions, so for Criterion 1, three sub-criteria were developed: sub-criterion 1.1 for
the water balance of the areas serviced by Pinios River, sub-criterion 1.2 for the water balance of the
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areas serviced by the aquifer and sub-criterion 1.3 for the water balance of the areas serviced by the
new Karla reservoir. For Criterion 2, two sub-criteria were developed: sub-criterion 2.1 for the gross
revenue, and sub-criterion 2.2 for the total production cost. Finally, for Criterion 3, three sub-criteria
were developed: sub-criterion 3.1 for the monetary cost, sub-criterion 3.2 for the natural resource cost,
and sub-criterion 3.3 for the environmental cost. Table 2 shows their performances.

Table 2. The performances of the alternatives under the sub-criteria.

Sub-Criteria/ C1.1 C1.2 C1.3 C2.1 C2.2 C3.1 C3.2 C3.3
Alternatives  (hm3) (hm?) (hm3) (mil. €) (mil. €) (mil. €) (mil. €) (mil. €)

1A 50.2 —121.46 0 73.96 57.84 2.6 18.87 6.36

1B —4.96 —137.53 0 73.96 57.84 7.18 21.05 6.16

2 -10.8 —102.69 13.95 108.43 59.03 4.01 15.22 6.68

2A —-14 —92.73 15.97 101.65 54.32 4.01 13.83 5.75

2B —6.72 —98.37 13.95 104.9 56.22 4.01 13.67 7.22

2C 50.2 —79.79 19.06 108.43 59.03 2.84 11.68 8.16

2D —4.96 —92.87 16.15 108.43 59.03 6.43 13.87 6.17

Again, the independence and the sufficiency of the examined sub-criteria was ensured, combined
with the rationale of including the concept of the natural resource cost, as a necessary factor to ask.
In line with the findings of other researchers [54-58] on how realistic it is to achieve the preferential
independence assumption, some test runs were done without the sub-criteria of the resource cost and
production cost, and the results were almost the same. We preferred to present this set of sub-criteria
for the sake of completeness [59]. The performance values of the alternatives under every sub-criterion
were normalized (on a 0-10 scale). These normalized values were multiplied by the respective weights
for each sub-criterion. The sub-criteria values were added for each criterion. Thus, for each one
of our three criteria arose seven values that correspond to each alternative. For each criterion, the
values (v;) of the sums of the above step (which correspond to each alternative), were multiplied
with the alternatives” weights (w;), and the sum-product of the above was found (additive utility
function—ll(i)):

U(l) =Xw; X v; (1)

The second method used in the model was the analytical hierarchy process (AHP), which classifies
the alternative solutions in a way that ranks them by assigning and distributing weights of significance
of the defined criteria [36]. The method was developed by Thomas Saaty (1980) in an attempt to fill
the knowledge gap of easily understandable and applicable methods of complex decision making
processes, and since then the method has been widely used. The advantage of the method is summed
up by the fact that it facilitates the organization of the problems and the formation of the complexity,
the measurement and the synthesis of the rankings [60]. The alternatives’ ranking is accomplished
with binary comparisons based on the preferences of the stakeholders, regarding the criteria and
the alternatives under each criterion. The decision makers can characterize a specific comparison as
‘equal’, ‘marginally strong’, ‘very strong’, and ‘extremely strong’ [36]. The degree of randomness of
the answers is expressed by the Consistency Ratio (C.R), which has to be smaller than 10%. For the
studied problem, the respondents gave weights to a 3 x 3 criteria matrix, and to three 7 x 7 alternatives
matrices, one for each criterion. The right principal eigenvector was calculated for the comparison
matrices. Subsequently, the synthesis of these preferences were carried out to determine which variable
presented the higher priority and effect on the estimated results [61]. Through the comparison relations
the alternatives were weighted (4;), for each criterion (3 criteria—wy;), and a value occurred for each

alternative (i), as follows:
3

AiﬁHP = Z a,-j-w]- (2)
j=1
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The alternatives were ranked in descending order of the resulting values (qu HP), i.e., in order
of suitability.

The third method of the model is based on the outranking theory, developed by Roy [37,62,63]
by his studies on the methods of the ELECTRE family (elimination et choix traduisant la realité).
The methodology of ELECTRE uses a series of comparisons between the alternatives. The superiority
(outranking) relation is a mathematical expression that represents the decision maker’s preferences.
Overall weightings or preference threshold can be used to consider an alternative superior to
another [64]. In the studied problem, the overall weightings were used for the formation of the
outranking relations, since they were available from the questionnaires. The ELECTRE method
allows the general ranking of alternatives, while also allowing separate pairs of alternatives to remain
non-comparable, when it is not possible due to insufficient information. On the contrary, any of
the theories described above provides a single ‘score’ for each alternative, requiring all options to be
directly comparable, even when such comparisons are questionable due to lack of appropriate data [65].
In further detail, the development of the outranking relationships takes place in two phases, dealing
with two principles: concordance test and discordance test (indices). The principles are evaluating the
claim that an alternative prevails (or not) over another. The principle of the agreement requires that a
majority of criteria, after calculating their relative importance, support the claim (majority principle).
On the other hand, the principle of disagreement requires that within the minority of criteria which do
not support the claim, none of them is strongly against the claim (principle of respect for minorities).
Finally, the synthesis of these relations and the results occurs from a credibility matrix. The method
needs weights for each criterion j (w;) in order to calculate the concordance index C(a, b) for each pair
of options (g, b):

C(a,b) = %iw] x cj(a,b) ©)]
j=1

This is based on a general comparison of the performances of option a and option b over all the
criteria. Parameter c;(a, b) varies from 0 to 1, with a value of 0 indicating that alternative a is worse than
alternative b for all criteria, and a value of 1 indicating that there is no criterion for which b is better
than a. The discordance index D(g, b) is calculated respectively, in order to express the disagreement
to the claim. The credibility matrix (S;) indicates the reliability of the outranking hypothesis. If the
concordance index is higher than or equal to the discordance index for all criteria, then degree of
credibility is equal to concordance index. If the concordance index is strictly below the discordance
index, then the degree of credibility is equal to the concordance index, lowered in direct relation to the
importance of those discordances:

C(a,b), ifDj(a,b) < C(a,b)Vj
Sy(a,b) = 1-Dj(ab)
Cla,b) X Ticj(ah) X T=Clap)

(4)

otherwise

where (g, D) is the set of criteria for which D; (a, b) > C; (a, b).

One of the advantages of MCA compared to the optimization theory is the classification of the
alternatives, using their performance on already established standards (criteria). For this purpose,
the developed model also includes the TOPSIS method, established by Hwang and Yoon [66], as a
simpler and easier-to-use alternative method to ELECTRE. It sets the best and the worst solutions as
comparison measures. Firstly, it calculates the ideal (R*) and the worst (R™) solution for the examined
problem. This can be calculated by giving the highest weighting for each criterion, according to its
theoretically maximized (A*) or minimized value (A7) [38]. The alternatives are ordered between the
best and the worst solution, based on the distances of their respective performances under the criteria’s
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weights. These distances are calculated by the Euclidean Metric [67], with the following equation,
indicatively for the ideal solution:

(R)* = ¢ (0" =@+ (0"~ (@) + (0"~ ()’ ©)

The worst solution (R)~ is calculated accordingly. Thus, the most appropriate alternative is the
one that is closest to the ideal solution. The closeness index (C.I.) expresses this similarity with the
optimal solution [68]:

_ (R
(R)" +(R)

This direct comparison of the alternatives in TOPSIS, using their performances, is also similar
to utility theory [69]. According to Kim et al. [70] and Shih et al. [71], this mathematical approach of
TOPSIS represents human logic with a simple calculating process. These key advantages make TOPSIS
one of the main MCA techniques. Table 3 presents the theoretical background, the weighting method,
and the way each MCA technique was used in the studied problem.

(6)

Table 3. The characteristics and the description of each method.

MCA

Method Theory Weightings Description

The alternatives are ranked according
to the sum product of the
performances of the alternatives to the
respective weights

The alternatives are
MAUT Utility Theory evaluated under each
sub-criterion.

Linear algebra is used to extract the

Comparing every pair of overall score for each alternative. The

Hierarchical criteria, and then every pair . . .
AHP . yPp alternatives are ranked in descending
Theory of alternatives, under each . ..
criterion order of the resulting priority values,

i.e., in order of suitability.

Outranking relations are formed to
Scores of importance for represent the preferences of the
each criterion respondents, through pairwise

comparisons of the alternatives.

ELECTREI  Outranking Theory

The alternatives are ordered between
the best and the worst solution, based
Classification Scores of importance for on the distances of their respective
Theory each criterion performances. A closeness index
expresses each alternative’s similarity
to the optimal solution.

TOPSIS

Each of the methods in this model was applied for each respondent separately. As mentioned
before, the total sample (60 respondents) was divided into a group of (32) experts and a group of (28)
decision makers. The group of experts consisted of members of the Laboratory of Hydrology and
Aquatic Systems Analysis of the University of Thessaly (Professors, Teaching Assistants, Post-Doctoral
Researchers, PhD and Master Students). The contribution of Professors working in the field of
Water Resources from other Greek Universities was also significant. The group of decision makers
consisted of all the authorities responsible for water management of the area, namely, the Decentralized
Management Agency (Water Directorate), the Department of Hydro-Economy from the Region of
Thessaly, the Management Agency of the broader Karla watershed, the Agricultural Agency of Land
Reclamation (AALR) of Thessaly, Pinios and Karla LALRs, and the Institute of Industrial and Livestock
Plants (IILP) of Larisa. This approach aimed to evaluate and compare the results of the two groups, in
order to provide useful outcomes regarding the existing policy of the area. The beliefs of the authorities
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on what they considered to be more beneficial for the study area, as expressed through the MCA
process, provided a measure for their own assessment, something that has not been considered in the
approaches so far. Their weightings expressed their perceptions of the situation and their priorities
on dealing with the existing problems. The resulting uncertainty focused on the weights (ranges of
different preferences) of the respondents, and the different results of the techniques used.

4. Results and Discussion

4.1. Results of MAUT Method

For the needs of the MAUT method, the sample was asked to give weights for the described
criteria’s sub-criteria. The alternatives were thus evaluated from the two sample groups, following the
procedure described in the methodology section, as shown in Figure 3.

(@) 120 (b) 1
100 100
g g
< 80 g 80 ,
g s .
(L 7 60 i —
Z 40 Z 40 |—g % % L
=) 5 i
20 20 4 L
0 . : . . : : 0 —a ‘ : ‘
1A 1B 2 2A 28 2C 2D 1A 1B 2 2A 2B 2C 2D
Alternatives Alternatives

Figure 3. The ranges of the utility values of each alternative, according to (a) the group of experts and
(b) the group of DMs.

The distribution of the results was similar for the two sample groups. For the whole sample, the
alternative 2C seemed to be the most appropriate, followed by the alternatives 2D, 2, 2B, 2A, 1A and
finally 1B (Figure 4).

Utility values
80.00 74.86
70.00
59.02
60.00 5505
50.00 — —
36.14 o _
40.00 31.77 33.07
30'00 P 27.13 I I R o o
2000 N — B — BN BN BN BN
1000 — [ ——BN - B B
0.00 - \ ‘ ‘ ‘ . ———
1A 1B 2 2A 2B 2C 2D
Alternatives

Figure 4. Overall results of MAUT method.
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From the data processing, it was observed that the group of experts considered the ‘environmental’
sub-criteria more important, as opposed to the DMs, who showed a preference for the ‘economic’
sub-criteria (Figure 5). The DMs considered that the water balance was also important, but with a
wider range of weightings, while the concepts of the full cost of water were still less understandable.

(a) (b)
100 100
90 90
2 80 g 80
EID 70 I g 7
g 60 g 60
%o 50 % 50
& w0 g a0
En 30 '§> 30
2 2 2 2
10 10
0 0
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Sub-criteria Sub-criteria

Figure 5. The range of importance scores assigned to each sub-criterion (a) from the group of experts,
and (b) from the group of DMs.

The above charts also show the agreement (or not) of the respondents to a sub-criterion. That is, a

zero range would theoretically mean complete agreement, and vice versa, a wide range would mean
that the opinions differed.

4.2. Results of AHP Method

The results of the procedure are shown in the following diagrams. Figure 6 represents the results’
range for the two sample groups, while Figure 7 shows the overall priority values. The results of the
group of experts gave a smaller range of priority values than those of the DMs. The results of the
DMs showed slightly higher disagreement on the priority values of the alternatives 2 and 1A, but
mainly on the alternative 2B. The alternative 2B had such high range values because some respondents
considered it to be a very profitable solution.
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Figure 6. The ranges of the priority values of each alternative, according to (a) the group of experts
and (b) the group of DMs.
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Figure 7. Overall results of AHP method.

The hierarchical order shows differences between the two groups, which are explained by the
values that each alternative prevailed for each respondent. In the sample of experts, 2C prevailed more
times with higher priority values. In the DMs group, 2C had lower values every time it prevailed,
in contrast with the higher scores reached by 2D, 2B and 2A. In general, the results of the DMs were
more one dimensional, since the alternative prevailed each time, and had much higher scores than
the experts’.

4.3. Results of ELECTRE Method

This method does not give values to evaluate each alternative. The outcome of the process only
shows which alternative prevailed (outranked the others) through a process of pairwise comparisons.
The results of both sample groups, as well as the total results, are in agreement that Scenario 2C is
the most appropriate management strategy. An interesting statistic of the method is the range of
each criterion’s weightings (Figure 8). This grading was a result of the common questionnaire of the
ELECTRE and TOPSIS methods, so the following statistics are representative for the TOPSIS method
as well. As is also explained in the MAUT method, the study of the weightings’ range can give useful
insights for the significance, the preference of the criteria, and the agreement among the respondents
of the same group.
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Figure 8. The ranges of criteria weightings given for ELECTRE and TOPSIS methods (a) by the group
of experts and (b) by the group of DMs.
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The experts gave a constant range to their answers, and there was a general agreement among
them. This also shows an agreement in the conceptual perception of the criteria. In the experts’
weightings, there was a clear preference for the first criterion, so they strongly believed that the
improvement of the water balance should be a managerial priority. Thus, a lower water cost will also
be achieved, so their second priority was clearly the profits. The DMs group cannot be characterized
with the same uniformity in its weightings, and most of them considered the net profit as the most
important factor.

4.4. Results of TOPSIS Method

7

In this method the results of the two sample groups were almost equal, and the alternatives
ranking was the same. It was commonly agreed that Scenario 2C was the closest to the optimum
solution (=100), and Scenario 1B was the closest to the worst solution (=0). In second place was
Scenario 1A, indicating that improvement can be achieved in the system just by reducing the losses.
The alternatives 2A, 2D, 2B and 2 followed (Table 4). The ranges of the results from the whole sample
were small, indicating the method’s low uncertainty. For example, the closeness index range for
alternative 1A was 0.486, for 2 it was 6.357, for 2A it was 4.558, for 2B it was 5.634, for 2D it was 3.189,
while for 2C and 1B it was 0.

So, it was unanimously accepted how close each alternative was to the predefined optimum
and worst performances of the system. Scenario 2C owes its first place to the impact of the loss
reduction, and also to the impact of the reservoir operation. Reducing the losses will have a higher
short-term impact on the water balance, but the reservoir’s operation will have a long term impact on
the enrichment of the aquifer.

Table 4. The results of TOPSIS method. The numbers express the average similarity of each alternative
to the ideal solution of the problem.

Alternatives Group of Experts  Group of DMs Total
1A 54.055 54.087 54.072
1B 0.000 0.000 0.000
2 35.128 36.499 35.837
2A 50.926 52.083 51.524
2B 41.999 43.286 42.665
2C 100.000 100.000 100.000
2D 47.247 47.896 47.583

The higher environmental benefits of Scenario 2 when compared with Scenario 1A cannot be
illustrated by the results of TOPSIS. The closeness index may result in low uncertainties, due to the
use of distances strictly based on the performances of the alternatives, but this can be temporary.
To overcome some modeling weaknesses or defined settings, such as in this case, a deeper knowledge
of the studied system and understanding of the simulated problem is needed.

4.5. Overall Results

The ranking of the examined management strategies for all four MCA techniques used was quite
similar and they did not vary much. In order to have an estimate of the uncertainty of the idividual
responses on the results, 60 runs (all the individual stakeholder and expert responses) were run for each
MCA method. Table 5 shows how many times each alternative prevailed out of 60 runs for each MCA
method, the aggregated results for all MCA methods, and the total number of runs (i.e., 4 methods x
60 responses = 240 runs).
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Table 5. The results of every technique used, for the whole sample.

Alternatives MAUT AHP ELECTREI TOPSIS Overall
1A 0 2 0 0 2
1B 0 1 0 0 1
2 1 4 0 0 5
2A 0 3 0 0 3
2B 3 3 0 0 6
2C 45 39 60 60 174
2D 11 8 0 0 19
Total runs 60 60 60 60 240

Overall, 2C came first with 72.5%, followed by 2D with 7.9%. In the third place, Scenario 2B took
2.5%, followed by 2 with 2.1%, 2A with 1.25%, and 1A with 0.84%. Scenario 1B came last with an
overall percentage of 0.42%. An interesting fact from the above Table is that the experts had a higher
percentage of agreement on their results than the DMs. For example, the total ‘wins’ of the alternatives
1A, 1B, 2A, and 2D resulted from the group of DMs. The alternatives 2 and 2B prevailed only one time
each, in the group of experts.

5. Concluding Remarks

This work provides an integrated decision support tool for evaluating water resource management
strategies. The problem of the water resource management of a rural watershed facing water scarcity
and poor management was used as an example. Four MCA techniques were combined to evaluate
seven alternative policies under the criteria of water balance, net profit, and full cost of water, thus
providing a useful and applicable tool for similar problems. A questionnaire was formed, based on the
weighting technique required by each MCA method. Two sample groups were used for evaluation of
the criteria and the alternatives, an expert and a decision maker group. This division of the sample
was followed in order to illustrate the differences in the perception of the problems, and the solution
approach, expressed by the responsible authorities and by experts in the field of water management.
The main difficulty of the study was the implementation of the methodology through interviews.
Even though the questionnaire had an average completion time of 20 minutes, the response, especially
from the decision makers, was initially poor. Most of the decision makers who work in the responsible
authorities for the water management of the watershed are not well trained, adequately aware of the
concepts of water resource management, or informed on the about-to-come measure of the full cost
of water. Also, some of them consider that as it is possible to irrigate the farms of the watershed at
the moment, there is no need to discuss the issue. Subsequently, it was time-consuming to explain
the situation, the nature of the survey, and finally to gather a sufficient sample who were willing to
cooperate. The group of experts showed largest interest and was more willing to respond.

Regarding the techniques used, all of them agreed as to the most appropriate alternative.
They resulted in different values for the ranking of the alternatives, however, the decision on the most
appropriate alternative was clearly “‘unanimous’. Thus, all the methods could be used for the specific
problem, but the most fitting was the one that best represented the situation and the sample’s opinions.
A way to evaluate these methods is the usage of randomness, consistency, and reliability tests, when
they exist. In MAUT, a reliability test can only be carried out indirectly, while TOPSIS and ELECTRE
do not allow any tests [72].

AHP needs randomness and consistency tests, as it is the only method that examines pair-wise
comparisons, so it is a method in which inconsistency may arise. On the other hand, the disadvantage of
AHP was its usability, due to the repetitions needed to reach the acceptable consistency limits, and the
difficulty or inability of some respondents to understand the problem and the weighting relationships.
Another disadvantage of the AHP method is that, in the specific problem, it is based only on the
weightings of the respondents and the performances of the alternatives are not used, although they are
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known. The exclusion of the alternatives’ performances for a water resource management problem can
be a solution when these results include high uncertainties (from the earlier simulation stages) but in
general, as well as in the studied problem, this is not the most reliable way to make decisions.

Based on outranking theory, the results of ELECTRE I are actually the outranking relationships
among the alternatives, thus showing which alternative prevailed over the other for every pairwise
comparison (for each respondent). Therefore, it resulted only the ‘best” alternative, without providing
a ranking for the rest of the alternatives or a matrix with the overall comparison results (for the
whole sample). Beside the fact that the decision was certainly alternative 2C, the above are serious
disadvantages for a water resource management problem.

TOPSIS resulted a very clear ranking of the alternatives, with small range of results. A disadvantage
of TOPSIS is that the results are based on the optimum possible solution, which is a theoretical
evaluation measure. As the results showed, strict evaluation of the alternatives based on their
performances may be misleading in water resource management problems, as the simulation and the
respondents’ perception of the problem may not refer to the same measures. The approach of TOPSIS
may reduce sample uncertainties of the problem, but it does not ensure that the optimum and worst
solution, or the similarity of the alternatives to the ideal solution, do not include other uncertainties
(e.g., from the hydro-economic simulation).

The optimum and most fitting approach to the studied problem should be a combination of the
most important advantages of the above, and an approach that avoids some of the disadvantages.
MAUT combines a consideration of the performances of the alternatives and the preferences of the
sample. This combination is an important advantage for water resource management problems.
The approach seemed to be more “direct’, holistic and easy to implement. This implies a better response
to the questionnaire, and hence more representative results of reality. A more systematic evaluation of
the MCA techniques that were used herein, and all those which were tested, is planned to be examined
in our further research. More specifically, the generalization of the examined methods regarding
their suitability in water resource management problems is under consideration through suitability
indices [73,74].

Regarding the sample, their results were not totally in agreement, but the majority agreed on the
most appropriate alternative. The differences among the other solutions’ rankings are due to method
uncertainties, other randomnesses, different priorities set from the sample, and their weaknesses in
understanding the problem. The results show that it is commonly acceptable that the biggest problem
of the watershed is the degradation of the water resources [75]. In practice, only the experts clearly
set the water balance as their first priority (Criterion 1). The existence of the three selected criteria
was significant, as it led to the conclusion that the experts had a better perception than the DMs of
the concept of the full cost of water, and also on the effects of each alternative. The main priority of
the majority of the DMs was the achievement of higher net profits (Criterion 2), without excluding
the importance of water availability. This shows that there have been several steps in the watershed
to move from an overexploitation of the environment approach to a combined policy of achieving
economic goals with environmental constraints. The overall differences in the results of the two sample
groups indicate higher general agreement among the experts than the DMs. Consequently, it was
proven that the experts felt surer about the connection of the factors involved, and thus of what they
consider most appropriate and why. The usage of two sample groups proved to be useful, as if the
problem had been solved by only one group’s weightings, we might have been led to misleading
conclusions. One of the innovative elements of the study was the comparison of the two groups’ results
through the inclusion of the expert group. For important decisions on water resource management,
those on a large scale, it is strongly recommended to take into consideration the opinions of experts.
Even in cases where the intention of the stakeholders is overall beneficial, the experts can contribute,
providing appropriate means for the achievement of desirable objectives. Thus, the consultation
process between experts and decision makers has to be further strengthened. The opinion of the
farmers of the watershed is planned to be retrieved as well in our further research, with another
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survey. This will be a difficult and time-consuming task, but very useful in order to inform more
people about the situation, and to correlate their priorities and opinions with the ones of the existing
sample. Thus, the research will contribute to the enforcement of public participation in water resource
management decisions, supported by integrated—and not subjective—tools and approaches like the
one proposed in this article.
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