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Abstract: There are pressures on existing centralized water infrastructures in urban centers which
justify the search for alternatives. An increasingly important alternative is to shift from centralized
to hybrid systems, often in response to climate variability and demographic changes. In a hybrid
system, water is supplied and discharged through a mix of centralized and decentralized systems.
There is usually no single objective that justifies the choice of hybrid water systems, but they typically
are justified based on the consideration of a number of different criteria in order to evaluate the
overall quality of service provision. The most important criteria include meeting water demand,
as well as reducing demand for fresh water and instead using local alternative water supplies.
Integration of multiple objectives to evaluate the hybrid water supply systems can be accomplished
by multi-criteria decision aid techniques. This paper evaluates a number of hybrid water supply
scenarios using a case study based on the Northern Growth Area of Melbourne, Australia. It uses
the Preference Ranking Organization METHod for Enrichment Evaluations (PROMETHEE) and
Geometrical Analysis for Interactive Decision Aid (GAIA), one of the multi-criteria decision-making
methods through D-Sight software, to rank the hybrid water supply scenarios, and this ranking
is validated by means of sensitivity analysis. The centralized system combined with stormwater
harvesting and the centralized system combined with treated wastewater and rainwater tanks yielded
the first and second most preferred scenarios, while the centralized water supply system combined
with treated wastewater yielded the worst hybrid water supply option.

Keywords: hybrid water supply system; multi-criteria decision analysis; PROMETHEE; GAIA;
D-Sight

1. Introduction

As the population in cities increase, it changes the water demand patterns. This, when coupled
with often periodic drought and climate change has put a significant pressure on traditional water
systems in many cities, which are typically based on only a centralized water supply system [1,2].
In response to the need to improve water supply resilience, many cities have diversified their systems
by using a range of technologies [3]. Thus, many urban water managers around the world have
adopted what is referred to as decentralized water supply options, such as wastewater reuse, rainwater
tanks, and stormwater harvesting in combination with a centralized system based on dams and pipe
networks [4,5]. Such combinations of centralized–decentralized systems is referred to as hybrid water
systems in this paper [6].
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Whilst the introduction of new alternative water supply technologies has many benefits, there are
also some trade-offs to be made. For example, it has been demonstrated that the use of decentralized
water supply options in combination with centralized water, wastewater, and stormwater systems
alters both the wastewater and stormwater flow and contaminants’ composition [7]. There are also
other trade-offs to be made when introducing alternative water supply technologies [8]. For example,
when choosing a particular hybrid system, there is a need to take into consideration a number of
different criteria/objectives for water service provision alternatives, such as meeting water demand,
supplying water reliably, using alternative water supply/discharge options, reducing contaminants
concentration of wastewater, and reducing fresh water loads [9,10]. The presence of trade-offs means
that it is important to help decision makers through the provision of decision support tools, such as by
means of multi-criteria assessment. Until now, there has only been limited literature available on the
topic of integrated evaluation of hybrid water supply systems [11–13], although frameworks do exist to
support the evaluation of specific designs of hybrid systems [14]. Previous methods, however, do not
explore the impact on wastewater and stormwater flows [9]. To address such limitations of previously
available frameworks, the authors [9] developed a new, more comprehensive framework for assessing
the integrated impact of hybrid water supply systems in terms of their physical impact on changing
wastewater and stormwater quality, as shown in Figure 1. This framework is based on theory and
therefore requires empirical validation via case study applications. Sapkota, et al. [15] demonstrated
the systematic application of a subset of this framework (marked blue in Figure 1) and highlighted
that the framework, to provide the greatest use, should be embedded within a multi-objective decision
support approach to provide guidance on choosing the best hybrid water supply scenario.
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Hybrid water supply systems are typically installed in order to achieve more than one
objective [15]. Multi-criteria decision analysis (MCDA) helps decision makers to incorporate preference
data on multiple, sometimes conflicting priorities into evaluation and thereby select the best solution
from a set of alternatives by assessing performance against a range of criteria [3,14,16]. MCDA provides
the means to develop future strategies and a systems science methodology to make judgements
about trade-offs, ranking servicing options in the presence of objectives and constraints which are
sometimes noncommensurable and conflicting [17]. Thus, MCDA has been widely applied in water
resources planning [18]. Only some MCDA methods are able to incorporate aleatory and epistemic
uncertainty into assessments [19]. This paper evaluates several hybrid water supply scenarios through
multi-criteria decision analysis using the Preference Ranking Organization METHod for Enrichment
Evaluations (PROMETHEE) outranking method. It uses water and contaminant balance results
from [15] as input for the MCDA analysis.

2. MCDA Methodology

In the mainstream of MCDA applications, there are some key methods for applying multi-criteria
analysis. Traditionally, the main three methods/techniques are the multiple attribute utility theory,
interactive technique, and outranking technique [20], explained as follows:

• Multiple attribute utility theory essentially combines multiple objectives into a one-dimensional
“multi-attribute” function, which can be a value function that is deterministic or a utility function
that includes a measure of risk [21].

• Interactive techniques consist of alternating computation steps and dialogue in the decision
making, where the decision maker brings a direct contribution towards the elaboration of a
solution by intervening in the process and not just in the definition of the problem [20].

• Outranking methods facilitates pairwise comparisons of alternatives to establish a ranking or
partial ranking [22]. The outranking methods are most commonly used, as they are adaptable to
real-world problems and are more easily comprehended by decision makers [23].

In some circumstances, it is difficult to choose between different options due to challenging
trade-offs [24]. The outranking methods take this into account by allowing a state of
incomparability [25]. Moreover, the situation of weak preference is assumed, where one alternative
is just slightly better than another one. PROMETHEE is a simple ranking method in conception and
application compared with the other methods for multi-criteria analysis [26]. Due to these advantages,
PROMETHEE [27], one of the outranking methods, was adopted for use in this study. Furthermore, in
this study, PROMETHEE was used along with Geometric Interactive Decision Aid (GAIA) analysis. The
GAIA analysis, which is based on principal component analysis, provided a graphical representation
of results obtained by the PROMETHEE method and helped in understanding the conflicts among
criteria and in dealing with the weights related to them [28,29].

To apply the PROMETHEE method, D-Sight software was selected for ranking the various
scenarios based on the results from the water and contaminant balance analysis. D-Sight is the
third generation PROMETHEE-based software following PROMCALC and Decision Lab 2000 [30,31].
D-Sight is a collaborative decision-making platform that helps to solve challenges, analyze data, and
drive stakeholders together to make a decision [32].

The input data required for D-Sight are:

• Preference Measures (PM) evaluations,
• Weights, and
• Preference functions.

The D-Sight software also incorporates a tool called “Walking Weights” that supports sensitivity
analysis [33,34]. The sensitivity analysis helps the analyst investigate which, if any, weights have to
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be elicited with a high precision degree and/or if the rankings result significantly changes when the
weights are modified [35].

D-Sight supports the GAIA methodology [36]. This enables the graphical investigation of whether
there are conflicts between criteria, via principal components analysis, and this provides insights about
potential trade-offs to be made by decision makers (DMs) [33,37].

2.1. PROMETHEE Rankings

PROMETHEE provides a partial ranking of alternatives based on the positive (Φ+) and negative
(Φ−) preference flows of the alternatives and highlights any potential incomparability between
alternatives. PROMETHEE II provides a complete ranking of alternatives from best to worst based on
net preference flow. The PROMETHEE II ranking is prescriptive in nature [37].

2.2. GAIA Plane

There is a descriptive complement to the PROMETHEE methodology, the GAIA plane, which is
a visual interactive module based on principal component analysis [38]. The GAIA plane provides
the decision maker with a synthetic visual representation of the main characteristics of the decision
problem [39], such as synergies and conflicts between the preference measures or alternatives [40].
GAIA is referred to as Global Visual Analysis (GVA) in the D-Sight software. Based on these features,
PROMETHEE, along with GAIA, is used in this MCDA study.

2.3. Sensitivity Analysis

The assessment of decision criteria weights is a crucial step in most of the multi-criteria
decision analysis because the choice of weights may considerably influence the global score in the
calculation [41]. It is therefore very important to examine the relative impact of possible variations
and errors of weightings on outputs by conducting a sensitivity analysis of weights. Further,
internal uncertainties in MCDA can be handled by appropriate sensitivity analysis under various
circumstances [42].

In D-Sight, this is done by stability intervals. For each PM, a stability interval indicates the
range of weights that can be modified without affecting the PROMETHEE II ranking (to a stated
“stability level”) given that the relative weights of other PMs are kept constant [30]. This feature is
very comprehensive and shows how PROMETHEE II ranking varies as a function of the PM weights
and identifies the interval stability of top-ranked alternatives [34]. The wider the stability interval
for a given PM, the less likely that the corresponding PM weights have an effect on the rankings [43].
Hence, rankings can be considered robust only if the stability intervals are wide for various PMs.

3. Application of Methodology

3.1. Case Study

The Northern Growth Area (NGA), which includes Wollert, Aurora, Epping North East, and
Quarry Hill, was selected as a case study area due to the availability of appropriate data. The NGA
has an area of 2257 hectares and is 20 km north of the city of Melbourne, Australia. The area is
currently supplied with Class A water for nonpotable use, including garden watering and toilet
flushing. To explore alternatives to centralized water supplies in the NGA, seven scenarios were
generated based on consultation with local water utilities as presented below [15]:

I. Scenario 1: Centralized only—It represents the conventional water supply system based
exclusively on supplying a treated potable supply using fresh water resources and is used as a
reference to compare with the selected hybrid water supply scenarios evaluated in this study.

II. Scenario 2: Centralized along with recycled water via third (separate) pipe—This scenario
represents the present condition in the area. In this scenario, wastewater is collected at the
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development level and distributed through a dual reticulation system for toilet flushing and
garden irrigation after treatment. The remaining water demand is met from the potable
water supply.

III. Scenario 3: Centralized supply combined with treated greywater—In this scenario, greywater
is collected from bathroom and laundry use and used for garden irrigation and toilet flushing.
Other demands are met via potable supply.

IV. Scenario 4: Centralized supply combined with rainwater harvesting—In this scenario, rain
water is provided for the toilet, garden irrigation, and laundry use. Potable water is supplied
for bathroom and kitchen use.

V. Scenario 5: Centralized supply combined with stormwater harvesting—In this scenario,
stormwater is provided for toilet and garden irrigation. Potable water is supplied for bathroom,
laundry, and kitchen use.

VI. Scenario 6: Centralized supply combined with stormwater harvesting and treated grey
water—In this scenario, both stormwater and greywater are provided for garden irrigation
and toilet use. However, priority is given to greywater over stormwater as greywater occurs
at the unit-block scale compared to stormwater, which occurs at precinct scale. Potable water
is supplied for bathroom, laundry, and kitchen use.

VII. Scenario 7: Centralized supply combined with rainwater harvesting and recycled water via
3rd pipe—In this scenario, rainwater is provided for laundry use, garden irrigation, and toilet
use, while recycled water is also used for garden irrigation and toilet use, and potable water is
supplied for bathroom and kitchen use.

3.2. Evaluation Criteria

To evaluate the hybrid water supply systems (WSS), various preference measures (criteria) were
chosen in consultation with Victorian water utilities through a series of workshops and personal
interviews [9]. These included the:

• Reduction in potable water demand from centralized WSS,
• Reduction of wastewater generation,
• Reduction of contaminant (Total Suspended Solids (TSS), Total Phosphorous (TP), Total Nitrogen

(TN), Biochemical Oxygen Demand (BOD), and Chemical Oxygen Demand (COD)) concentration
in wastewater,

• Reduction in stormwater flow,
• Reduction in contaminant (TSS, TP, TN, BOD, and COD) load in stormwater,
• Increased supply reliability of fit-for-purpose water. Supply reliability is defined as the percentage

of average demand met from the combination of alternative water supply storages over the
modeling period.

The data for the case study service provision were obtained by water and contaminant balance
analysis using Urban Volume and Quality Model (UVQ) [44]. UVQ simulates the integrated water
system within an urban area and estimates the water and contaminant flow through existing and/or
alternative water, wastewater, and stormwater systems from source to discharge point [45].

3.3. Data Input

Three basic data inputs were required for parameterizing the models and ranking the hybrid
water supply scenarios using MCDA:

I. Evaluation matrix: This matrix includes m number of alternatives, n number of PMs, and
(m × n) number of PM evaluations. Table 1 shows the evaluation matrix formulated. This
table is based on the water and contaminant balance analysis output reported in Sapkota,
Arora, Malano, Moglia, Sharma and Pamminger [15].
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II. Weights of PMs: Weights required were evaluated by conducting a questionnaire survey
among 37 water professionals which included personnel from water utilities, private
water consultancies, CSIRO, universities, environmental agencies, and the Australian Water
Association. [46]. Table 2 below presents the weight distribution between different subcriteria
for various criteria. For internal consistency reliability of the calculated weights of different
subcriteria, Cronbach’s alpha [47] was calculated and found to be within the acceptable range
of 0.5–0.9 [46]. Further, a weight sensitivity analysis was conducted in MCDA, as suggested
by the study.

III. Preference functions of PMs: Preference functions were determined by conducting a
questionnaire survey among experts, representing water professionals from Victorian water
utilities to determine the preference function [46]. Usual preference function as shown in
Figure 2 was used for this study. For this type of function, the decision maker has a strict
preference for the alternative having the greatest value [48]. This means that even if there is a
very small difference in criterion value, an alternative with a higher value is selected.

Table 1. Input Evaluation Matrix for PROMETHEE.
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4. Results

This section discusses the MCDA results and their related interpretation. This section first presents
the PROMETHEE ranking results. Then, it provides the GAIA analysis for MCDA, followed by the
weights sensitivity analysis to ascertain the stability of the ranking results.

4.1. PROMETHEE Rankings

The PROMETHEE II rankings of the seven hybrid water supply scenarios with the corresponding
values of net flow score Φ are displayed in Figure 3. Scenario 5 (centralized water supplies combined
with stormwater harvesting) is the highest-ranked scenario, with a Φ score of 0.192, followed by
Scenario 7 (centralized water supplies combined with treated wastewater and rainwater tanks), with
a Φ score of 0.189. Scenario 2 (centralized water supplies combined with treated wastewater) is the
lowest-ranked scenario, with a Φ score of −0.241, on the basis of selected criteria.
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Figure 4 displays the spider web chart for the different hybrid water supply scenarios and allows
for the comparison of the strengths and weaknesses of these different scenarios. This web chart shows
the comparison of scores between various alternatives for all criteria. Scenario 7 (centralized + treated
wastewater + rainwater tanks) provides the best outcome in terms of reduction in potable water supply
volume, while Scenario 4 (centralized + stormwater) is strong in reducing the stormwater volume.
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is considered to be reliable [29]. The value of 84.23% for this study indicates that the information
projected by the plane is sufficient to interpret the PROMETHEE results.

The nonlabelled axis (the red line in Figure 5) is the decision stick that is obtained by projecting the
weight vectors onto the GAIA plane. It indicates the current best direction for a compromise solution.
Because the direction of the decision stick is in the same direction as the potable water volume, as
well as stormwater volume, peak, and contaminants loads, it can be expected that the PROMETHEE II
ranked actions to be stronger on those criteria and potentially weaker on criteria such as wastewater
concentration and supply reliability of fit-for-purpose water supply.

The decision stick signifies the directions of the best performing scenario based on the criteria
weight. If the scenarios are projected on the decision stick, scenario ranking can be obtained. However,
it should be noted that the decision stick is a projection of the weight vector on the GAIA plane. Its
length is directly related to the angle between the weight vector and the GAIA plane. There can be
some distortions in the decision stick results. These distortions are directly proportional to the angle
between the weight vector and the GAIA plane. When the decision stick has a shorter length, it is at a
larger angle with the GAIA plane, leading to higher distortion. Hence, the representation of the stick
can be imprecise, leading to important discrepancies between the PROMETHEE ranking and ranking
given by the decision stick in the GAIA plane [37]. For instance, in Figure 5, Scenario 4 appears to be
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the best performing scenario (farthest in the direction of decision axis), although it is the fourth best
in PROMETHEE II ranking. According to PROMETHEE II ranking, Scenario 5 is the best decision
scenario. Scenario 2 is the worst in the GAIA analysis, as it is located farthest in the opposite direction
axis. The PROMETHEE II ranking also shows the same scenario as the worst ranked, which validates
the result.
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It should be noted that the length of the decision stick (π) is short on the GAIA plane (red line
in Figure 5). Hence, the decision maker should not decide the alternatives based on GAIA plane
only because a short π indicates a lack of strong decision power [49]. This means that the criteria
are strongly conflicting according to the weights and the selection of a good compromise solution is
difficult [29]. According to Fernández [50], if the decision stick is long, the decision maker should
select the alternatives that are farther in its direction, and if the decision stick is short, the criteria are
strongly conflicted and a good compromise solution would be one close to the origin. In the GAIA
plane (Figure 5), Scenario 5 is the closest scenario from the origin to the direction of the decision axis,
which according to the PROMETHEE ranking, is the best compromise solution.

The GAIA plane also represents the orientation of PMs with respect to the hybrid water supply
scenarios. The best alternatives for various preference measures are presented in Table 3.

The criteria having a longer axis (green lines in Figure 5) indicate that they have more strength in
differentiating the hybrid water supply scenarios. Preference measures such as wastewater volume,
peak and contaminant concentration, supply reliability, and potable water supply volume have a
relatively long axis, which indicates that these PMs are more discriminating in differentiating the hybrid
water supply scenarios. Conversely, considering the preference of hybrid water supply scenarios,
the potable water peak has a relatively shorter length, indicating little differentiating power between
the scenarios.
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Table 3. Best alternatives based on various criteria.
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In Figure 5, it can be observed that preference measures—wastewater peak, wastewater volume,
and potable water peak—are in the same direction, which indicates a similar preference. Additionally,
these PMs have a negative correlation with wastewater contaminants concentration (TP, TN, TSS, BOD,
and COD), which is also supported by the scenario analysis results. Scenarios reducing wastewater
peak and volume include greywater and wastewater reuse, which ultimately increase the wastewater
concentration. These scenarios also reduce peak potable water use, as recycled water is used for toilet
and garden irrigation.

Stormwater peak flow, total volume, and contaminant loads, as well as potable water volume,
indicate similar preference and are completely opposite to supply reliability of fit-for-purpose water
supply. Ideally, the negative correlation of a given pair of PMs indicates conflicting preferences between
decision makers on corresponding PMs. For example, scenarios in Figure 5 show that less wastewater
volume has high concentrations of wastewater contaminants. However, the comparison between
other PMs, such as potable water peak with wastewater contaminant concentration, is impractical
and difficult to explain in the hybrid water supply scenarios context, as there is no direct relationship
between these two preference measures.

4.3. Sensitivity Analysis

Table 4 illustrates the weight sensitivity analysis in terms of weight stability intervals. Weight
stability intervals provide the range of PM weights (i.e., maximum and minimum) within which
the ranking of alternatives is considered stable. The “Current Weight” column in Table 4 shows the
weights obtained from the questionnaire survey for all PMs considered in this study. The “Minimum
and Maximum Weight” columns indicate the range of weights which can be assigned to different PMs,
such that the ranking of the hybrid water supply scenarios remains unchanged. A larger PM weight
stability interval indicates that the PM is less likely to have any large effect on altering the ranking and
vice versa.

Potable water supply peak flow, stormwater peak flow, wastewater contaminants (TN, TP, TSS,
BOD, and COD) concentration, and supply reliability of fit-for-purpose water have a larger stability
interval than other PMs (over 80%) (Table 4). Stormwater concentration is found to be the most
sensitive PM in altering the rankings, as it has the lowest range of stability interval (less than 5%).
Further, potable water supply volume, wastewater flow volume and peak, and stormwater flow
volume are found to be sensitive, with a stability interval of less than 10%.



Water 2018, 10, 610 11 of 15

Table 4. Weight sensitivity for the alternatives.
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5. Discussion

The PROMETHEE ranking conducted in this study shows that Scenario 5 (centralized system
along with stormwater harvesting) is the best preferred scenario. At the same time, Scenario 7
(centralized system along with treated wastewater and rainwater tanks) is found to be the second
preferred scenario. Benefits associated with stormwater flow volumes make Scenario 5 robust.
However, the stormwater volume is stable only within a narrow range of weights, as highlighted via
weight sensitivity analysis.

The GAIA analysis provides the decision maker with an additional perspective of the multi-criteria
problem. In this analysis, Scenario 5 (centralized water supply system along with stormwater
harvesting) is found to be the best and Scenario 2 (centralized water supply system along with
treated wastewater) to be the worst. The PROMETHEE ranking also shows the same ranking of these
two scenarios, which validates GAIA analysis.

The GAIA analysis also provides the strength of criteria to evaluate different hybrid water supply
scenarios. These perspectives are important to explore the structure of the decision problem to better
understand the characteristics of different hybrid water supply scenarios. Overall, PROMETHEE
ranking along with sensitivity and GAIA analysis demonstrate strong potential to evaluate hybrid
water supply scenarios in a multi-objective environment.

This study shows possible trade-offs in various scenarios based on importance or weight of
selected criteria. For example, based on this, centralized with treated waste water is found to be
the least preferred scenario, but if the increased concentration of wastewater was not considered
as important as other criteria, then the outcome could have been different. This illustrates that the
prioritization of criteria by decision makers unsurprisingly has an impact on the results. Thus, this
adds complexity to defining the best hybrid water supply scenario. The aim of this paper was to
evaluate hybrid water supply scenarios in terms of interaction with existing centralized system, and
most relevant criteria were selected for ranking. However, further analysis can be conducted with
due consideration of other parameters, such as cost of water infrastructures, social factors, and energy
usage. Apart from this, a smaller time scale, such as hourly, can be captured to analyze the overall
system dynamics of hybrid water supply systems. More qualitative aspects such as social behavior
and acceptance, and their impact on the hybrid water supply systems, can be considered in a future
study. MCDA criteria weights in the study were mainly based on water professionals. However,
community end users’ perceptions could make a difference in the weight. Besides, this study does
not aim to study in detail the uncertainties involved in various parameters of the model. Further
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research can incorporate uncertainty analysis thoroughly. In addition to this, the aspects of system
failure and associated cost as suggested in [51,52] can be a part of the overall business planning of
water service providers.

Thus, the proposed framework in a decision-making context would be one part (focusing on
the physical aspects of the system) of a more comprehensive framework that would consider such
other factors. This study has significant implications for the urban water system decision-making
process. Urban water professionals can employ ranking methods as shown in the study to justify
the most suitable solution while implementing decentralized water supply options in existing
centralized systems. In particular, it is noted that the proposed methodology has considerable potential
for evaluating improvements in supply reliability, which is a key aspect of water safety plans as
recommended by the World Health Organization [53].

6. Conclusions

Multi-criteria decision analysis along with GAIA analysis is presented to identify the preferred
hybrid water supply scenario in the Northern Growth Area of Melbourne, Australia. Both of
the analyses highlight that all hybrid water supply scenarios perform better than the centralized
only scenario. PROMETHEE ranking along with sensitivity and GAIA analysis demonstrate
how the methodology can be used for the evaluation of hybrid water supply scenarios in a
multi-objective environment.

The following conclusions can be summarized from the study:

• MCDA analysis shows that Scenario 5 (centralized system along with stormwater harvesting) is
the most preferred scenario, with Scenario 7 (centralized system along with treated wastewater
and rainwater tanks) is the second preference.

• The same analysis shows that Scenario 2 (centralized with treated waste water) is presented as
the worst scenario in the study.

• GAIA analysis shows that Scenario 5 (centralized water supply system along with stormwater
harvesting) is the best and Scenario 2 (centralized water supply system along with treated
wastewater) is the worst

• Thus, MCDA and GAIA analyses provide similar results in terms of scenario ranking
• Potable water supply peak flow, stormwater peak flow, and wastewater contaminant concentration

are found to be the most robust criteria in ranking the hybrid water supply scenarios
• Stormwater contaminant load is found to be the unstable criterion in ranking the scenarios.

In a nutshell, this paper highlights various hybrid water supply scenarios which can be further
analyzed with additional criteria by diverse stakeholders, including policy makers, water managers,
and professionals, to fulfil the objectives of a sustainable water supply system. Also, it will be
interesting to analyze and understand whether changing demographics and climate conditions have
any effect on the ranking of hybrid water scenarios.
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