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1. Introduction

Since climate change cannot be controlled, water resources must to be managed in order to adapt the 
relationship between water supply and water demand to these changes (Poustie et al., 2015). In this sense, water 
management related just on operational routines, i.e., actions for water catchment and distribution without 
worrying about water availability in future, has become unacceptable (Wang et al., 2014). Thus, there are two 
generic strategies to water scarcity: (1) develop new sources of supply, and (2) demand management (Araral & 
Wang, 2013; Omar, 2013).

Demand management refers to solutions to reduce the quantity of water needed for a specific activity. 
This strategy seeks the efficient of water use by users (i.e. society or economic sectors), reducing and reusing 
water resources where possible (Brooks, 2006). In this sense, two mechanisms for regulating demand for water 
are most common: price and non-price mechanisms. The first occurs often through increasing block tariff; 
and the last includes public education, community mobilization, supply restrictions, and use of technical 
and engineering solutions (Araral & Wang, 2013). On the other hand, supply management aims, mainly, to 
increase the water availability. For this, some action should be taken to improve the water supply system, such 
as: modernization of equipment, expansion of the structure for both water catchment and water distribution, 
changes in operational and routine procedures (Wang et al., 2014).
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Thus, water resources problems are complex because the Water Company need meet the rising water demand 
while controlling water resources levels in reservoirs in order to maintain a sufficient capacity to sustain the 
water supply in the future. In this way, decision making problem is about water supply-demand strategies 
(Wang et al., 2014), and planning appropriate portfolio of these strategies requires a wide array of options to 
be considered (Matrosov et al., 2013b).

In addition, issues related to water supply systems, in general, involve different actors from all levels of 
government and civil society organizations. Due to this, often the decision making procedure is influenced by 
these external pressures (Segrave et al., 2014). Moreover, in developing countries, there is a continued demand 
for expanding urban water infrastructure (Poustie et al., 2015). However, water distribution service has limited 
financial resources for its expansion and modernization (Almeida-Filho  et  al., 2017). Besides these issues, 
some regions suffer shortages of water, as for example, the mesoregion of state of Pernambuco, also called by 
“Agreste”, located in semi-arid region of northeast Brazil.

Therefore, this paper aims to develop a multi-criteria decision making (MCDM) model to define a portfolio 
of alternatives to balance water supply-demand strategies. This model was applied on a water shortage problem 
in semi-arid region of northeast Brazil. For it, firstly, all those involved in decision making procedure should 
understand the problem. Thus, a problem structuring method (PSM), called by Strategic Options Development 
and Analysis (SODA), was used. After that, MCDM method, called by PROMETHEE V, was applied to define a 
set of better actions (or portfolio), that respects the constraints from Water Company.

This paper is organized as follows: Section 2 presents a literature review. In section 3, materials and methods 
are defined. A case study is presented in Section 4. Finally, the concluding remarks are made.

2. Literature review

In many countries, renewable water supplies are limited while demand for water is growing rapidly. This scenario 
is aggravated by climate changes (Hellegers et al., 2013). Thus, intensive water management measures are needed 
to minimize future demand–supply gaps (Ouda, 2014). In this sense, many works on water balance studied 
different approach to design of the effectiveness of water management policies. In general, they addressed 
multiple climate scenarios to test the sensitivity of water availability to changes in streamflow, precipitation 
and temperature, for example. The main idea is to analyse the relationship between the water supply, and its 
demand for a period of time. The main studies were conducted in: Dhaka city, Bangladesh (Arfanuzzaman, & 
Atiq Rahman, 2017); Addis Ababa, Ethiopia (Arsiso et al., 2017); Mediterranean basin (Boithias et al., 2014); 
Dongjiang Lake basin, China (Jie et al., 2015); Abeokuta and Environs, Southwestern Nigeria (Idowu et al., 
2012); Saudi Arabia (Ouda, 2014); and Heihe River Basin in northwest China (Wu et al., 2017).

With a similar idea, Quintas-Soriano et al. (2014) made a relationship between the water supply–demand 
and different landscape units in semi-arid ecosystems of the southeast Iberian Peninsula. Other authors relate 
the water price with the decrease in its consumption as an alternative for water conservation, as were conducted 
in: Gold Coast, Australia (Sahin et al., 2017); Blue Mountains Australia (Haque et al., 2015); and Iran, Morocco 
and Saudi Arabia (Hellegers et al., 2013).

Note that all of these works were done in developing countries and/or countries that showed climatic 
problems. According to Azarnivand & Chitsaz (2015), “most of the arid and semi-arid regions are located in the 
developing countries, while the availability of water in adequate quantity and quality is an essential condition to 
approach sustainable development”. These observations confirm the relevance of studies on water management 
in places such as semi-arid region of northeast Brazil. More specifically, in order to make a balance between 
water supply-demand strategies, Omar (2013) have studied the definition of a portfolio of actions, considering 
different future scenarios, in Fayoum, Egypt. However, this work did not consider multiple-criteria evaluation, 
but only the amount of water consumed. Thus, given the importance of the water resource and the variety of 
criteria involved in this decision making process, suitable decision making tool, as multi-criteria decision making 
(MCDM), is necessary to ensure the success and effectiveness of water supply systems (Garfí & Ferrer-Martí, 2011).

In this point of view, there are some studies that used MCDM methods or group decision-making on water 
resources management. Some of these studies, as well as the criteria considered, can be visualized in Table 1.

Although these works did not solve the problem reported in this study (Table 1), they demonstrate the 
applicability of MCDM methods to solve water management problems. The main criteria used were grouped 
into technical, social, environmental and economic.

On the other hand, regarding the problem of selecting portfolios of water supply-demand strategies, 
Matrosov et al. (2013a) proposed the Robust Decision Making (RDM) to solve it under uncertainty situation. 
They considered the same criteria used by Matrosov et al. (2013b), see Table 1, but they added resilience as 
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a criterion. However, information related on these uncertainties is not always clear to the decision makers 
(DM). In addition, the RDM method performs a trade-off between evaluations of actions over different criteria. 
This procedure does not always reflect the opinions of a group of heterogeneous DMs, generating a high level 
of dissatisfaction.

Moreover, this type of problem is complex, and a structured procedure to increase understanding of the 
problem is important. Thus, all relations are best understood by those involved in decision making process 
(Belton & Stewart, 2002). Some authors have been used PSMs to support the decision making in water resources 
problems, such as: water basins (Cakmak, et al., 2013; Suriya & Mudgal, 2013); perceptions of water users 
(ElSawah et al., 2013); and water resource conflicts (Medeiros et al., 2017; Urtiga & Morais, 2015). “Combining 
PSMs and MCDA produces a richer view of the decision situation and provides a methodology which can better 
handle the various phases of decision-making [...]” (Marttunen et al., 2017, p. 1).

2.1. Problems Structuring Methods (PSM)

Frequently, alternatives and criteria used in a problem analysis are not clearly defined. Problem Structuring 
Methods (PSMs) are useful to enable greater understanding of problems prior to define appropriate actions 
(Foote et al., 2007). They assist in the structuring and definition of the critical issues that constitute the problem, 
and understanding the relationships between these issues (Cunha & Morais, 2016). Thus, PSMs are a valued 
way to address real management issues (Abuabara et al., 2017).

Table 1. Evaluation criteria and methods applied to water management.

Authors (year) Main problem Method Criteria

Chung & Lee  
(2009)

Prioritization of 
water management

Analytic Hierarchy Process 
(AHP)

Five criteria: Driver, Pressure, State, Impact, and Response. Sub criteria 
were defined in two classes: water quantity and water quality.

Garfí & Ferrer-Martí 
(2011)

Water and sanitation 
projects evaluation

Do not use They were classified in 4 main groups: technical (e.g. local resources 
use, appropriate management); social (e.g. local community 
participation, overcoming discrimination of conflict); economic  
(e.g. low cost, employment of local staff) and environmental criteria 
(e.g. atmospheric emissions, water pollution).

Garfí et al.  
(2011)

Environmental 
assessment of water 
programmes

AHP They selected two main criteria: (1) General criteria for human 
development projects (technical, social, environmental and economic 
criteria - 11 sub criteria) and (2) Technical water supply criteria  
(12 sub criteria).

Fontana & Morais 
(2013)

Network 
rehabilitation

PROMETHEE V Amount of water loss, Implementation cost, Maintenance cost, 
Runtime, and Reliability time.

Kim et al. (2013) Wastewater Fuzzy TOPSIS Five criteria: Driver, Pressure, State, Impact, and Response. Sub criteria 
were defined in two classes: water quantity and water quality.

Matrosov et al. 
(2013b)

Water resources 
planning

Robust Decision Making 
(RDM) and Info-Gap 
Decision Theory (IGDT)

Reliability of water supply service, Reservoir storage susceptibility, 
Environmental performance, Energy consumption, and Total costs.

Scholten et al.  
(2014)

Network 
rehabilitation

Multi-attribute value 
model (MAVM)

Reliability, Intergenerational equity, and Cost

Azarnivand & Chitsaz 
(2015)

Water shortage 
mitigation

AHP, eDPSIR and 
DEMATEL

Human population growth, Weak enforcement of law and legislation, 
Erosion, Declining available freshwater resources, Desertification and 
sand and dust storms, Salinization, Operational feasibility, and Multi-
objectivity.

Fontana & Morais 
(2015)

Network 
segmentation

SMARTER Amount of economies (number), Type of economies, Water consumed, 
and Price tax.

Scholten et al.  
(2015)

Water supply 
infrastructure 
planning

Multi-attribute utility 
theory (MAUT)

Five fundamental objectives: Intergenerational equity, Resources and 
groundwater protection, Water supply, Social acceptance, and Costs.

Fontana & Morais 
(2016)

Water loss control SMARTER and Integer 
linear programming (ILP)

Implementation cost, Efficiency, Runtime, Potential reduction in 
wastewater, Skilled labour to implement, and Lifetime.

Kumar et al. (2016) Water allocation ELECTRE-III-H Costs, Water stress, and Environmental impact

Almeida-Filho et al. 
(2017)

Network maintenance Voting procedure System Average Interruption Frequency Index, Reliability, Availability, 
and Cost per cycle.

Fontana & Morais 
(2017)

Network 
segmentation

PROMETHEE GDSS Implementation cost, Number of segments generated, Water 
consumed, Difficulty level in implementing and maintaining, Change 
in network pressure and/or water flow, Type of economies, and 
Infrastructure impact.

Ilaya-Ayza et al. 
(2017)

Water supply 
schedule

AHP and ILP Pressure, Number of users, Number of supply hours, and Ease of 
operation of the sectors.
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In this context, Strategic Options Development and Analysis (SODA) is a method that aids decision making, 
especially in complex problems. This approach is based on the premise that subjectivity is inherent in the 
decision making process, i.e., different people will interpret differently the same situation (Eden, 1988). SODA 
uses cognitive maps to understand and record the views of the individuals involved (stakeholders) in the decision 
making (Eden & Ackermann, 2004). A cognitive map can be understood as a means to separate and represent 
constructs (ideas, information) from an stakeholder, and position them in the form of hierarchy (Eden, 1988). 
In this sense, cognitive maps use nodes to represent events, and arcs that connect these events and represent 
the causal relationship between them. A cognitive map can be generated with all stakeholders together, or it 
can be constructed from the aggregation of individual cognitive maps (Cunha & Morais, 2016).

2.2. Multi-Criteria Decision Making (MCDM)

The MCDM methods are useful in situations where there is a decision making that must meet multiple 
objectives in an integrated manner (Almeida et al., 2015). The MCDM methods can be differentiated by (1) type 
of problematic that they intend to solve, such as choice, sorting, ranking, description, design and portfolio 
(Belton & Stewart, 2002); and (2) by the rationality of the DM, in compensatory methods or non-compensatory 
methods (Almeida et al., 2015).

PROMETHEE methods are non-compensatory, and they construct a valued outranking relationship, where 
a bad evaluation of an alternative on a criterion cannot be compensated by a good evaluation on other criteria 
(Brans et al., 1986). Brans & Mareschal (1992) developed the PROMETHEE V method to solve portfolio problematic. 
More specifically, this method is divided into two phases: (1) PROMETHEE II method, and (2) Integer linear 
programming (ILP). 

Given a general pair of alternatives ( ),a b , and the function ( )jg .  the performance of the alternatives in each 
criterion j, according to Brans & Mareschal (2009), in PROMETHEE II, the DM establishes a weight ( )jw  for 
each criterion j, where { }1, 2, ., j k= … , and a preference function ( )a,bjF  of the difference ( ) ( )j jg a g b −  between 
the performance of the alternatives in each criterion j. Thus, the evaluation is made by the degree of outranking 

( )( ) ,a bπ  for each pair of alternatives, represented by Equation 1. The weights must be normalized, i.e., 1
k

j
j

w =∑ .

( ) ( )
1

 ,  ,
k

j j
j

a b w F a b
=

=∑π 		  (1)

After that, the degree of outranking relationship is explored through the negative outranking flows ( )a−Φ  
and positive outranking flows ( )a+Φ , as follows:

•	 	Positive: it represents the intensity preferably of an alternative ‘a’ on all alternatives ‘b’ in set A, as in Equation 2.

( ) ( )
  

  ,
b A

a a b+

∈

Φ = ∑π 		  (2)

•	 	Negative: it represents the intensity preferably of all alternatives ‘b’ on the alternative ‘a’ in the set A, as in Equation 3.

( ) ( )
  

  ,
b A

a b a−

∈

Φ = ∑π 		  (3)

Thus, the solution is given by the net flow of alternatives by Equation 4.

( ) ( ) ( )   a a a+ −Φ =Φ −Φ 		  (4)

In ILP phase, the net flow from PROMETHEE II solution is used as the objective function coefficients, as in 
Equations 5-7 (Brans & Mareschal, 1992; Fontana & Morais, 2013).

1
 

n

i ai
i

Máx x
=

Φ∑ 		  (5)

Subject to

 
1

n

ij ai j
i

b x B
=

≤∑             j∀ 		  (6)

[ ] 0;1aix = 		  (7)
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Where: aix  represents an alternative, and { }1, 2, ., i n= … ; iΦ  is the net flow of each alternative aix ; ijb  is the value of 
each alternative aix  on constraint j, and { }1, 2, ., j m= … ; jB  is the upper limit of the constraint j.

This classical model of PROMETHEE V method automatically excludes alternatives that present a negative 
net flow. Thus, Vetschera & Almeida (2012) proposed other constraint, c-optimal, that solve this problem, as 
in Equation 8.

1

n

ai
i

x c
=

=∑ 		  (8)

Where: c is a fixed number for the number of alternatives to be inserted in a portfolio.

3. Materials and methods

This section presents the steps of the proposed model to balance water supply-demand strategies, as in 
Figure 1.

In Figure 1, the “feedback” means that is always possible to return to previous steps in order to improve 
the final solution. Thus, the model is adaptable to different decision making situations. Thereby, the decision 
making process becomes dynamic, and new information can be inserted at any time during this process.

Figure 1. Model for strategic decision making on water management.
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3.1. Data collection

Data collection is fundamental for a better understanding about the situation, and it serves to identify 
key aspects to start the problem structuring method (PSM). Thus, the steps are as follows:

(1)	 Define the problem context - this step aims to understand the scenario of the problem. Some relevant 
information is, for example: the amount of water demand, the water level in the reservoirs, the amount of 
water lost in the water supply system (WSS), among others;

(2)	 Stakeholder identification - in this step all actors directly or indirectly involved in the problem must to be 
identified. The responsibility of each DM need to be established. Moreover, external influences, or pressures, 
in the decision making process should to be known. In addition, a person responsible for conducting the 
process can be defined. He/she is called as facilitator or decision making analyst.

3.2. Strategic Options Development and Analysis (SODA)

SODA was chosen because it was developed to aid decision making procedure in complex problems. 
The  facilitator will capture DMs’ perceptions about the problem through workshops, following the steps 
bellow, based on Eden & Ackermann (2004):

(1)	 Define the problem label: DMs will define a label that represents the problem being treated. This problem 
should be established as a result from important issues raised before (Phase I);

(2)	 Survey of alternatives: DMs are invited to propose suggestions on water supply-demand strategies, and the 
result will be a global cognitive map, containing: (1) alternatives able to increasing water supply, and (2) 
alternatives able to reducing water demand;

(3)	 Survey of criteria: DMs define a set of evaluation criteria. This set allows making the judgment between 
potential alternatives to solve the problem;

(4)	 Problem modelling: The performance of each alternative on each criterion is evaluated by the DMs and/or the 
Supra decision maker (SDM). Thus, the evaluation matrix is created.

3.3. Decision making procedure

In this type of problem, commonly, a bad evaluation from an alternative on a criterion cannot be compensated 
by a good evaluation on another criterion. In others words, this problem shows non-compensatory nature. 
For this reason, the PROMETHEE V method was chosen, and its application was based on Brans & Mareschal 
(2009), as the following steps:

(1)	 Filter: it aims to eliminate irrelevant alternatives on process. In general, it occurs due to budget constraints, 
for example. This step also allows the elimination of criteria when they are irrelevant in pairwise comparison 
of alternatives;

(2)	 PROMETHEE II: here some parameters must to be established according to DMs’ preferences, such as: weights, 
thresholds (indifference, preference and veto), and preference function for each criterion. After that, the 
PROMETHEE II method executes a pairwise comparison of alternatives over each criterion in order to obtain 
the net flow. This method was performed in the academic edition of Visual PROMETHEE software, version 
1.4.0.0;

(3)	 Integer linear programming (ILP): in this step the problem constraints are added, in order to define a portfolio 
of alternatives, which include both water supply-demand alternatives;

(4)	 Sensitivity analysis: this analysis aims to assess the robustness of the model;

(5)	 Final solution: finally, the final solution is confirmed. It must represent the DMs’ preferences, and it must 
respect the problem constraints.
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In addition to these reservoirs, the region was already supplied by the reservoirs of Tabocas, Taquara, Poço 
Fundo, all in the process of collapse in the water supply; and the reservoirs of Jaime Nejaim and Serra dos 
Cavalos which today have their water catchment prevented by environmental issues. However, due the current 
scenario of water shortage, theses reservoirs can be used again.

In 2015 the average water consumption per capita was approximately 94.76 litres per day, while in 2017 it 
decreased to 84.11 litres per day. Despite the decrease in consumption, from 14 cities supplied in 2015, only 
04 cities are being supplied regularly in 2017. In other words, about 36% of the total population is not being 
supplied.

Therefore, an overview of the current situation faced by the WC can be elaborated. The main problem 
encountered in the region studied was: trend of water levels drop dramatically.

4.2. SODA

Following the SODA procedure, into a workshop, the DMs were invited to establish a set of available alternatives. 
In this study were considered as stakeholders all employees from Regional Business Unit Management of the 
Agreste Central who hold a management position, as well as the employees that participate as technical support 
level. Therefore, in total, there are 09 DMs in this case study.

Thus, the proposed model was presented to DMs, and, after that, a label was defined for the problem, which 
was: Continuity of water supply during times of drought. In sequence, the facilitator captured DMs’ point of 
views on the problem, and a cognitive map was resulted, as in Figure 2.

Therefore, after carrying out refinements, the set of available alternatives able to increase water supply was:

•	 	A11 – Watershed transposition: This involves construction of adductor systems to adapt the water supply systems, 
and it allows the water transposition between watersheds. This is a part of the San Francisco River transposition 
project;

•	 	A12 - Integrated water mains: Implement structural works for water mains extension to integrate water mains of 
different WSS;

4. Case study

The proposed model was applied at Water Company (WC) localized in semi-arid region of Pernambuco 
state. Usually, decisions making were focused on routine management, and they were made without specific 
methods to support decision making procedure. This fact enables a strong political influence from government 
over WC presidency.

4.1. Data collection

In addition to data collected directly from Water Company, the data were collected from National Water 
Agency (ANA) and “Historical Series 2015” available on website of the National Sanitation Information System 
(SNIS). In addition to these sources, it has been studied scientific researches developed on water resources.

In the case studied, in June of 2015, two water reservoirs were responsible for supplying the region, the 
reservoirs of the Prata and Jucazinho. At this time, the real capacity of these reservoirs was 61.76% and 7.10%, 
respectively. More recently, in March 2017, the Jucazinho reservoir capacity was 0%, while the Prata reservoir 
capacity was 16.42%. These data prove the collapse in the water reservoir, i.e., water level is dropping drastically 
in this region. Table 2 shows the situation of these water reservoirs in June 2015 and March 2017.

Table 2. Situation of water reservoirs.

Reservoir Total capacity (m3)
in Jun 2015 in March 2017

Volume (m3) Water catchment (m3/d) Volume (m3) Water catchment (m3/d)

Prata 42,147,000.00 26,028,278.54 60,480.00 6,919,513.91 4,5792.00

Jucazinho 327,045,336.00 23,232,108.30 93,312.00 0 0

Total 369,192,336.00 49,260,386.84 153,792.00 6,919,513.91 4,5792.00
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•	 	A13 – Monitoring: Monitoring the WSS by deploying automation systems;

•	 	A14 - Preparation of operation manual systems: A technical team is created to conduct the development of a 
manual with standard procedures to be performed in each problem.

•	While, the set of available alternatives able to reduce the demand for water was:

•	 	A21 - Create taxes program: Implement a program to reduction the water taxes, when the users (or consumers) 
reduce their water consumption in a pre-defined range;

•	 	A22 - Penalize water waste: A technical team is created to monitor and applied taxes in cases of water waste from 
users, such as: large water leaks, water renewal of pools, washing the sidewalks, etc.;

•	 	A23 - Encourage other water supply alternatives: A technical team is created to guide users in the development and 
use of other water supply alternatives, such that rainwater harvesting, and its use in discharges and/or gardening, 
for example;

•	 	A24 - Public campaigns: A technical team is created to conduct population awareness campaigns about the 
importance of rational water use;

•	 	A25 - Water loss reduction program: A technical team is created to develop and implement the water loss reduction 
program in water distribution system (WDS);

•	 	A26 - Water reuse systems: A technical team is created to analyse and build water recycling and reuse systems 
during the treatment.

At Water Company, the DMs are specialists in different areas, and, usually, they have conflicting interests. 
Thus, each DM suggested criteria most relevant to their area of expertise. However, they entered into a consensus 
that the final decision making should be taken by the Regional Business Manager. In this case, he represents 
a SDM. Therefore, the SDM analysed the set of potential criteria suggested by DMs, and the following five 
criteria were defined:

•	 	C1 - Implementation cost: This criterion corresponds to the initial investment estimate for implemented each 
alternative;

•	 	C2 - Response time: This criterion is the estimated time for an alternative to return the expected benefits;

•	 	C3 - Social benefit: This criterion estimates the benefit generated to the society by the chosen alternative. 
This evaluation can be done through the percentage of users who are probably to benefit from the alternative. 

Figure 2. Global cognitive map: Supply-Demand strategies.
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Thus, a nominal scale was used, that is: (1) Very low (VL): less than 20%; (2) Low (L): from 20 to 40%; (3) Moderate 
(M): from 40 to 60%; (4) High (H): from 60 to 80%; (5) Very high (VH): over than 80%;

•	 	C4 - Demand reduction: This criterion estimates a percentage that is expected to reduce in the water consumed by 
the chosen alternative. Thus, a nominal scale was used, that is: (0) There is no reduction; (1) Very Low reduction 
(VL): less than 10%; (2) Low reduction (L): from 10 to 20%; (3) Moderate reduction (M): from 20 to 30%; (4) High 
reduction (H): from 30 to 40%; (5) Very high reduction (VH): over than 40%;

•	 	C5 – Viability: This criterion is related to the technical complexity for implementation of the chosen alternative. 
This evaluation was made according the following nominal scale: (1) Simple; (2) Little complex; (3) Moderately; 
(4) Complex; and (5) Very complex;

•	 	C6 - Water supply: This criterion refers to an estimate of the increase in water supply by the chosen alternative. 
The values used are an approximate average of the expected quantity.

The decision making matrix of this problem was made by the SDM, and it is presented in Table 3. For this, the 
estimated values of consequence were used considering similar projects already applied previously. Moreover, the 
SDM established the parameters required by the PROMETHEE II method. These data was obtained in June 2015.

Table 3. Decision making matrix and parameters required by the model.

Alternative
C1

(millions - R$)
C2

(months)
C3

(nominal)
C4

(percentage)
C5

(nominal)
C6

(m3/ second)

A11 1,350.00 24 Very high NO Very complex 8.0

A12 750.00 36 High NO Very complex 4.0

A13 8.00 36 Very low NO Little complex 0.0

A14 2.00 60 Low NO Moderately 0.0

A21 1.50 2 Moderate Low Little complex 0.0

A22 0.30 1 High Moderate Complex 0.0

A23 1.20 60 Very high Low Moderately 0.0

A24 5.00 60 Low Very low Complex 0.0

A25 100.00 120 High NO Moderately 0.3

A26 1.00 24 Moderate NO Moderately 0.0

Parameters C1 C2 C3 C4 C5 C6

Objective Minimize Minimize Maximize Maximize Minimize Maximize

Weight 0.20 0.05 0.25 0.20 0.1 0.2

Preference 
function

Level criterion U-Shape criterion Usual criterion Usual criterion Usual criterion Usual criterion

Threshold q = 0.5 q = 2.0 -- -- -- --

p = 1.0 -- -- -- -- --

4.3. Decision making procedure

Importantly, in 2015 Brazil’s economy entered a deceleration process, which led to cuts in the overall 
government budget. Thus, the SDM informed an available budget of R$ 7.2 million in current year. Thus, a 
filter step can be applied before the decision making step. In other words, alternative with an implementation 
cost above the available budget can be eliminated. In this case, the alternatives A11, A12, A13, and A25 exceed the 
available budget. However, these alternatives will not be eliminated in this first moment in order to illustrate 
the consequences.

Therefore, a complete pre-order is given by PROMETHEE II method, that is: A23>A22 >A21> A11> A25>A26> 
A12>A14> A24> A13. A sensitivity analysis should be done. Thus, the weights of the criteria were changed in ±10%, 
respecting the sum of all weights equals 1. The robustness of the model was confirmed because it did not change 
the first ones. Considering the order resulting from PROMETHEE II method, only the first three alternatives could 
be implemented, since alternatives A11 and A25 present a cost higher than the available budget.

However, besides the currently budget, the WC is able to request external resource, usually from the Federal 
Government, to finance a specific project. This is because, although the facilities of WSS are granted to Water 
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Company, they are public. Normally, the projects compete with others in all countries to obtain the necessary 
funding. In addition, the financial resources can also be obtained through other institutions, such as the World 
Bank. Therefore, DMs should consider submitting projects for the financing of such alternatives (A11 and A25).

From this analysis, the Filter step will be executed, and alternatives that exceed the current budget will 
be eliminated. After that, the criterion C6 was also eliminated because it becomes irrelevant in the evaluation 
procedure. Then, a new weight elicitation was preceded, and the weights are: C1 = 0.2667, C2= 0.0667, 
C3= 0.3333, C4= 0.2000, C5= 0.1333. Therefore, the complete pre-order from PROMETHEE II method was: 
A22>A23>A21>A26>A14>A24.

Thus, an ILP was developed to select a portfolio of alternatives, as follows:

A14 A21 A22 A23 A24 A26MáxZ   0.5200x 0.2667x  0.5601x  0.4533x 0.7200x  0.0400x= − + + + − − 	 (10)

Subject to

A14 A21 A22 A23 A24 A262x 1.5x 0.3x 1.2x 5x 1 x 7.2+ + + + + ≤ 		  (11)

14x  1≥ 		  (12)

21 22 23 24 A26x  x x x x  1     + + + + ≥ 		  (13)

A14 A21 A22 A23 A24 A26x x  x x x x 5+ + + + + = 		  (14)

[ ]A14 A21 A22 A23 A24 A26x ,  x , x , x , x , x 0;1= 		  (15)

Where: (10) is the objective function, where the coefficients are the values of net flow from PROMETHEE II method; 
(11) is the budget constraint on implementation; (12) and (13) ensure that there is at least one alternative to 
increase water supply and one alternative to reduce the water demand, respectively; (14) c-optimal; (15) is 
the value of the decision variable xi: this value is a integer value 0 or 1, where 1 means that xi is part of the 
solution, and 0 otherwise.

Therefore, the resulting portfolio of alternatives was: A14, A21, A22, A23, and A26. The alternatives selected 
represent a total cost of R$6 million. Thus, it would be allocated approximately 83% of available budget for the 
implementation of these alternatives. The c-optimal constraint, Equation 14, allows the choice of two alternatives 
(A14 and A26) that would not be considered by the PROMETHE V classic method due to their negative net flow.

In addition, another sensitivity analysis step should be done to confirm the robustness of the model. For that, 
the weights were changed in ± 5%, respecting the sum of all weights equals 1. Thus, the complete pre-order 
established by the PROMETHEE II method suffers only changes on the top three in rank (A22, A23, and A21) when 
the criteria lost 5% in their weight. However, the portfolio of alternatives given by PROMETHEE V method has 
not changed, which proves the robustness of this model.

5. Concluding remarks

The proposed model was able to make the balance water supply-demand strategies through selecting 
alternatives for both supply and demand. Due to society and government influences, this model provides means 
to support decision making in Water Company, and, thus, it can aid to justify the chosen alternatives. This can 
be adapted and applied in others Water Companies, mainly in developing countries.

An important contribution of this work was the clear consideration of alternatives to reduce demand and 
to increase supply. This thought did not exist in the company studied; before procedures and initiatives were 
not clear, mainly related to the reduction of water demand.

The results show that in scenarios of great budgetary constraint it is relevant to evaluate all the alternatives 
in order to avoid the early elimination of these alternatives. For example in 2015, there was no water loss control, 
and DMs did not think about this possibility (A25). However, in 2016, the WC started a project with external 
support to control water loss in its WDS.

Moreover, during the execution of this research was observed an interest from stakeholders about this type of 
study. Participants said that they did not participate in a similar process before. In addition, they were addressed 
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during a critical time in which the drought problem was already accelerating. Thus, DMs were suffering heated 
discussions and exhaustion that affecting everyone. This fact may have influenced the results of this work. However, 
participants emphasized the importance of this model, and their interest in reapplying in other situations. Such 
behaviour reinforces the need for research to support this type of decision making. However, there are cultural 
barriers in the organization environment that make it difficult to implement the proposed model.

Therefore, this paper hopes to serve to demonstrate that the conduction of decision making processes based 
on “trial and error” should be replaced by more robust, and well-structured decision making, especially because 
WC deal with the difficult task of supplying the population in times of drought.

Moreover, according to a literature review, the evaluation criteria most used in water management decision 
making processes are grouped into four main categories: technical, social, environmental and economic. 
The decision makers consulted were consistent in this regard. The environmental criterion was only criterion little 
explored. Although this criterion is inherent to the process, decision-makers did not present this criterion as a 
priority. Maybe aspects related to the country’s environmental laws may justify such conduct. However, further 
study on this criterion should be made as future work. Finally, one suggestion for future work is to study this 
problem when there is no consensus in the opinions of DMs.
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