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Abstract: Water distribution networks (WDNs) represent essential civil infrastructures providing
freshwater for domestic and industrial uses. Pressure management in WDNs is a key issue in
operation and management, especially in big and complex networks, and this is the case with Messina
City’s WDN. Water network partitioning (WNP) into district zones helps improve water network
management; it simplifies water budget computation and consequently helps in the identification and
reduction of water loss. In this study, an approach based on sustainability indices (SIs) is proposed to
evaluate the improvement in terms of WDN pressure performances after WNP. The sustainability
indices are based upon performance criteria including reliability, resiliency, and vulnerability. Three
different scenarios are analyzed: (1) the first sees the WDN in the current configuration without
partitioning, (2) the second sees the WDN partitioned into district zones for each of which SI is
evaluated, and (3) the third sees, in addition to partitioning, the introduction of pressure regulating
valves (PRV). Results show an improvement in pressure sustainability at the global- and district-scale
and evidence how districts with greater differences in altitude values of terrain topography take
more benefits from the installation of PRV.

Keywords: sustainability index; water network partitioning; urban water management; pressure
regime; pressure regulating valves; urban water supply

1. Introduction

A water distribution network (WDN) is an essential infrastructure for social and
economic development [1], supplying fresh water for civil, industrial, and fire-fighting
use. A key issue in water management and operation in water distribution systems is
to guarantee the efficiency of water supply for specific water demands at a lower cost,
ensuring sufficient and uniform pressures and flow rates, and reducing water loss, where
the latter represents one of the most effective ways to reduce water prices. Quantity of
water loss is strictly related to pressures in WDN; in simple terms, reducing water loss can
be given by reducing pressures.

Layouts in WDN can assume different configurations, from open-line distribution to
looped configurations, with multiple flow paths from its water sources to the final users [2].
This characteristic gives the WDN a high level of reliability in case of mechanical failure of
one of its physical components, but it also makes it difficult to control water loss [3].

To improve water pressure management in WDN, water network partitioning (WNP)
represents a useful strategy [4]. For example, the “divide and conquer” approach in WDN
has been introduced since between 1980 and 1989 in the UK, simplifying the localization
of water loss and pressure management techniques [5]. Benefits from this approach are
evidenced by Kunkel [6] who highlighted how more than 85% of measured water loss in
the UK has been eliminated in a national water loss control program based on WNP.

Other studies also evidence how WNP offers many benefits to WDNs [7–9], including
a reduction in water loss, simplified and most effective pressure management, district isola-
tion in case of accidental contamination events, rapid identification of damaged pipes, and
the potential creation of independent sub-networks for better control of water management.
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Partitioning an original network into suitable sub-networks can be challenging be-
cause of the intrinsic complexity of the WDN. Clustering and sectorization are the two main
phases of WNP, for which recent studies apply complex and interesting mathematical meth-
ods, such as graph theory modularity-based algorithms and spectral algorithms [5,7]. Ma-
chine learning techniques, which are often applied to other fields of water sciences [10,11],
also find application in WNP in recent literature [12,13]. Recent studies also applied
approaches for WDP based on social networking analyses and information [14–16]. Be-
fore mathematical approaches were used for WNP, other techniques were applied fol-
lowing criteria based on tank location, main roads, or the number of inhabitants that
represent more suitable approaches in cases of need for economic interventions in existing
WDNs [8,17,18]. This is also the case of Messina’s City WDN, an existing big WDN serving
around 200,000 inhabitants, which in the present study is used as a case study for applying
the proposed methodology.

Recent studies highlighted how WNP can be helpful for energy management in
smart systems [19], reducing water leakages [20], improving maintenance costs for water
managers [21], and improving water quality [22]. WNP can also cause counterintuitive
effects; for example, Armand et al. [23] highlights how WNP could compromise the overall
water quality in WDN.

The purpose of this study is to quantify improvements in WDN after WNP, specifically
in terms of water pressure performances for the WDN of Messina City.

To quantify the improvement in terms of WDN pressure performance, an approach
based on sustainability indices (SIs) is proposed here.

In recent studies, water resources sustainability has been measured using reliability,
resiliency, and vulnerability performance indicators [24]. Numerous investigators have ap-
plied these performance indices differently in the literature. For example, Li and Yang [24]
defined sustainability in water systems as the equilibrium of network efficiency and re-
siliency. Piratla and Ariaratnam [25] modeled a sustainable water distribution system
considering trade-offs between hydraulic reliability, life cycle cost, and CO2 emissions.
Monteleone et al. [26] proposed indicators based on vulnerability curves in agricultural
water management. Tabesh and Saber [27] proposed a model using hydraulic (i.e., pres-
sure index, pressure performance index, velocity performance index, and reliability in-
dex), physical, and empirical indices for the rehabilitation of water distribution networks.
Hamouda et al. [28] proposed an indicator-based methodology to evaluate the vulnerability
of water supply systems in the Eastern Nile Basin.

Loucks [29], in particular, introduced the Sustainability Index (SI) based on reliability,
resiliency, and vulnerability. Aydin [24] had also aggregated the SI calculated for each node,
into an overall SI for all the studied areas divided into geographical zones and calculated
SI for both pressure and water quality into a WDN.

In this study, the SI assessment is applied to the urban WDN of the city of Messina
(Italy). Messina has a complex WDN that has never been numerically modeled for simulat-
ing its hydraulic behavior.

To evaluate sustainability improvement in terms of water pressure performances
due to WNP for the WDN of Messina City, in the present study, the water distribution
system modeling is carried out by EPANET [30], a widely used software developed by
the “Water Supply and Water Resources Division” of the “U.S. Environmental Protection
Agency’s—National Risk Management Research Laboratory”.

2. Materials and Methods

In this section, the characteristics of the case study of Messina’s WDN and its mathe-
matical modeling through the software EPANET are illustrated. The proposed methodology
is then illustrated, including the mathematical formulation, and procedure for SI evaluation
are explained.

The values of node pressure are used to determine reliability, resiliency, and vulnera-
bility performance indices, which are then combined into a complete sustainability index
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(SI) for every node. All the WDN is partitioned into sub-networks using the tank-location
criteria to define each zone, and a combined SI calculation is performed to produce an
overall sustainability score for every zone.

Simulations are carried out in three different scenarios: (1) the first where the WDN
is analyzed in the current configuration without partitioning, to evaluate a SI value to be
used as a reference for comparison with other scenarios, (2) the second where the WDN is
partitioned into five main district zones for each of which SI is evaluated, and (3) the third
where, in addition to above-mentioned partitioning, pressure regulating valves (PRVs)
are introduced.

2.1. Case Study

Messina City is located in Sicily (Italy) on the coast and counts 250,000 inhabitants.
Drinking water in Messina City is supplied by three main aqueducts: the Santissima
Aqueduct, which is the oldest one, taking its water from Nebrodi Mountains close to the
city, supplying around 150 L/s [31], the Alcantara Aqueduct, and the Fiumefreddo one,
taking their water from Etna Mountain groundwater aquifer [32,33] and supplying to
Messina City respectively around 300 L/s and 1000 L/s.

Messina’s WDN accounts for a total of 458 km of pipelines, with more than 40 different
tanks of different capacities serving the whole city center and more than 20 small urban
villages on the coast, for a total supplied area of 213 km2 of extension. Urban tanks are
connected to each other with pumping connections or gravity ones, and in addition, there
are numerous small wells in the urban area for extra water resources supply as represented
in Figure 1.
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Figure 1. Scheme of the water distribution system of Messina City (excerpted from [34]).

In the original configuration of Messina’s WDN, it is possible to identify five main
districts in corresponding urban zones designed to follow the historical expansion of city
urbanization, namely (from south to north) Mangialupi, Noviziato, Torre Vittoria, Trapani,
and San Licandro (Figure 2a).
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2.2. Mathematical Modeling Using EPANET

The EPANET software [30] is used for simulating the nodal pressures throughout the
network over time using the extended period simulation (EPS) for 24 h.

EPANET is a public domain, water distribution system modeling software package
developed by the United States Environmental Protection Agency’s (EPA) Water Supply
and Water Resources Division.

The actual configuration of the water distribution network of Messina has been imple-
mented in EPANET and consists of 4000 nodes and more than 4400 pipes (Figure 2a).

In Figure 2a are also reported elevation values of each supply junction of the WDN
represented in EPANET, showing the great differences in elevation values of this WDN,
given by topographic characteristics of the metropolitan area of Messina city. Lowest
supply junctions are located at 3 m.a.s.l and highest ones at more than 120 m.a.s.l. In a
WDN with those altimetric characteristics, maintaining a proper pressure range in each
part of the network is very challenging for water managers, dealing with low-pressure
issues in the highest areas of the WDN and with overpressure issues in the lowest part near
the coast.

Low pressures cause discomfort for water users, and high pressures increase wa-
ter loss. Practical intervention is needed to ensure proper pressure regimes and reduce
water leakage.

Interventions in Messina’s WDN must respect the economic criteria of being cheap
and easy to implement in a short time, to avoid discomfort to water users.

For those reasons, the benefits coming from partitioning Messina’s WDN by applying
the simple criteria based on the main tank location [8,18] are analyzed here. Applying
this criterion, it is possible to identify five main districts to each of which corresponds a
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tank, namely (from south to north) Mangialupi, Noviziato, Torre Vittoria, Trapani, and San
Licandro (Figure 2b).

Table 1 shows minimum and maximum elevation values of supply junctions for each
district after partitioning.

Table 1. Elevation Values (minimum and maximum) of supply junctions for each of the five main
districts identified after partitioning.

District Name Minimum Elevation
(m.a.s.l.)

Maximum Elevation
(m.a.s.l.)

Mangialupi 8 45
Noviziato 3 69

Torre Vittoria 4 39
Trapani 4 32

San Licandro 23 105

In the first scenario simulation, SI for pressure performances will be evaluated in the
actual configuration of Messina’s WDN without partitioning. Then in the second scenario,
after partitioning, each of those districts will be analyzed separately evaluating the SIs
and comparing it to the global SI of the first scenario. In the third scenario, PRV will be
introduced in specific districts of the WDN, and SIs will be again evaluated.

All the simulations will be carried out hourly with a continuous distribution of 24 h.
The model is calibrated on available data on water supply for Messina City and the
distribution pattern in the 24 h implemented in EPANET (Figure 3) has been experimentally
determined by records of water demand levels observed at an experimental site in the city
center of Messina.
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2.3. Sustainability Index Calculation

Reliability, resiliency, and vulnerability performance indicators are calculated for each
node and then aggregated into the SI.

A SI is a term that indicates the performance of a water system concerning pre-
determined thresholds of a satisfactory state [27,29]. To calculate the performance of
the system, the satisfactory state and unsatisfactory state should be distinguished in
mathematical terms.

The SI in terms of pressure for each zone is calculated by aggregating the entire SI of
the corresponding nodes.
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2.3.1. SI Calculation for Each Node

The SI is a weighted combination of reliability, resiliency, and vulnerability which may
change over time and space [27,29]. The following definitions of reliability, resiliency, and
vulnerability follow the work of Hashimoto et al. [35]. Reliability (REL) is the probability
that the WDN is in a satisfactory state defined as:

RELk,i,j =
# o f times satis f actory occurs

total # o f time steps
(1)

where k refers to nodal pressure or water age at node j in zone i.
Resiliency (RES) represents how fast the system recovers from a failure defined as:

RESk,i,j =
# o f times satis f actory f ollows unsatis f actory

total # o f time unsatis f actory occurs
(2)

Vulnerability (VUL) is the magnitude or duration of an unacceptable state of WDS in a
certain time scale. In this study, vulnerability is defined as:

VULk,i,j =
∑ unsatis f actory values

∑ all values
(3)

Upper and lower limits of nodal pressure, which represents the sustainable range, are
identified. In particular, in this study, following the national regulations (Decree of the
Prime Minister on 4 March 1996) [36], the satisfactory state for nodal pressure Pi,j,t (pressure
at node j in zone i at time t) is assumed to be from 30 m to 70 m at the final delivery points.

The following SI definition proposed by Sandoval-Solis et al. [37] is used to calculate
the SI for water distribution systems.

SIk,i,j =
[

RELk,i,j ∗ RESk,i,j ∗
(

1 − VULk,i,j

)]1/3
(4)

The main feature of the SI is that it ranges from 0 (i.e., the lowest degree of sustain-
ability) to 1 (highest degree of sustainability). Another property is that if any one of the
performance criteria is zero, then the overall SI will be zero. In this study, values of SI will
be considered as reported in Table 2.

Table 2. Sustainability Index Range Definition.

SI Range State

0–0.2 Very Unacceptable
0.2–0.4 Unacceptable
0.4–0.6 Moderate
0.6–0.8 Acceptable
0.8–1 Ideal

2.3.2. SI Calculation for Each District

The next step is to generalize the node performances to the corresponding zones in the
network. For this purpose, the methodology proposed by Aydin et al. [24] is here applied:
each node is weighted by the corresponding water demand, which indicates the population
affected by the poor performance of WDS. The following function is used to calculate the
SI of each zone:

SIk,i =
∑N Ji

j=1 Di,j,SIk,i,j

∑N Ji
j=1 Di,j

(5)

where SIk,i is the SI in terms of pressure (k = P) in zone i, NJi is the total number of nodes
in zone i, SIk,i,j is the SI in terms of pressure at node j in zone i, and Di,j, daily is the daily
demand of node j in zone i.
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3. Results and Discussion

In this section, results from the application to Messina City WDN of the above-
described methodology are illustrated.

3.1. Scenario Descriptions

The first scenario simulation sees Messina City WDN in the actual configuration
without any partitioning. For this scenario, value of the global sustainability index (GSI)
for network pressure regime (NPR), i.e., the pressure values condition at WDN’s supply
junction under a certain scenario, has been evaluated.

The second scenario simulation sees the WDN of Messina City partitioned with a
simple and easy to implement criterion of main tank location [8,18]. For each of five main
districts identified (Mangialupi, Noviziato, Torre Vittoria, Trapani and San Licandro), the
SI is evaluated for NPR and compared with GSI. Districts for which partitioning does not
improve sustainability in NPR are highlighted.

The third scenario simulation sees the introduction of PRVs for those districts where
partitioning in scenario 2 has not produced an improvement in the sustainability of NPR.
SIs in those cases are again evaluated and compared with previous SIs values.

GSI for each scenario is then evaluated, to have both a specific district evaluation of
sustainability improvement in NPR and a global overview of NPR in WDN.

3.2. Pressure Regimes and Sustainability Index Evaluation
3.2.1. Scenario 1 Simulation

Figure 4 shows NPR for Messina WDN in the current configuration without par-
titioning in the time step of maximum consumption, 13:00. The GSI evaluated in this
configuration is 0.55 defined as Moderate Sustainability.

GSI in the first scenario is evaluated with the procedure described in Sections 2.3.1 and 2.3.2,
by firstly evaluating SI in each node with Equation (4) and then considering the whole WDN as a
unique district and evaluating the GSI by applying Equation (5).

3.2.2. Scenario 2 Simulation

Simulations for each district after partitioning with the main tank criterion [8,18] are
run separately. This criterion is used for WNP, because it is also suitable for the economic
aspects of practical interventions in this WDN.

Figure 5 shows NPR for Messina WDN after WDP in the time step of maximum
consumption, 13:00. The SI values for each district are evaluated in this configuration
and reported in Table 3. SI for districts Mangialupi, Torre Vittoria, and Trapani sees
improvement with respect to GSI of the actual configuration of Messina WDN analyzed in
Scenario 1, while districts Noviziato and San Licandro show values of SI unacceptable.

Table 3. SI values for each district in Scenario 2 after partitioning.

District Name Sustainability Index Value

Mangialupi 0.85
Noviziato 0.21

Torre Vittoria 0.93
Trapani 0.89

San Licandro 0.27

3.2.3. Scenario 3 Simulation

Districts Noviziato and San Licandro after WNP show unacceptable values of SI. They
are analyzed again in this scenario, with the introduction of PRVs at the inlet.

Figure 6 shows NPR for Noviziato and San Licandro districts after WDP and PRVs
introduction in the time step of maximum consumption, 13:00. The SI values of both
districts are evaluated in this configuration and reported in Table 4.
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In the first scenario, the GSI for the whole WDN in the actual configuration has been
evaluated, showing a value of 0.55 (Table 5) that correspond to a Moderate Sustainabil-
ity in NPR. This value represents an element of comparison for improvements in NPR
sustainability after proposed interventions.

Therefore, the five identified districts have been simulated separately (Figure 5) in sce-
nario 2, and NPR sustainability has been evaluated through SI. An overall view of scenario
2 shows an improvement in its value of GSI with respect to scenario 1 (Table 5), which after
partitioning assumes the value of 0.62, corresponding to an Acceptable Sustainability.

This represents, for sure, a global benefit to the system due to WNP, but analysis at
district-scale evidence how this benefit is not an advantage for all of them.

In particular, in scenario 2, districts Mangialupi, Torre Vittoria, and Trapani show
SI values of 0.85, 0.93, and 0.89 (Table 3), respectively, which correspond to an Ideal
Sustainability, with NPR (Figure 5c–e respectively) which corresponds to suitable criteria of
national regulations [36]. In the same scenario, districts Noviziato and San Licandro, show
SI values of 0.21 and 0.27 (Table 3), respectively, which correspond to an Unacceptable
Sustainability of the pressure regime.

NPR for Noviziato and San Licandro districts after partitioning are represented in
Figure 5a,b, respectively, showing overpressures in numerous supply junctions. Overpres-
sures in Noviziato and San Licandro districts represent a disadvantage of WNP, which can
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cause discomforts to users and economic loss for water managers due to increase in water
leakage in those parts of the WDN.
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district-scale evidence how this benefit is not an advantage for all of them.  

In particular, in scenario 2, districts Mangialupi, Torre Vittoria, and Trapani show SI 
values of 0.85, 0.93, and 0.89 (Table 3), respectively, which correspond to an Ideal Sustain-
ability, with NPR (Figure 5c–e respectively) which corresponds to suitable criteria of na-
tional regulations [36]. In the same scenario, districts Noviziato and San Licandro, show 

Figure 6. NPR for Messina WDN in Scenario 3 for the following districts: (a) Noviziato;
(b) San Licandro.
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Table 4. SI values for the district with PRV in Scenario 3.

District Name Sustainability Index Value

Noviziato 0.85
San Licandro 0.91

3.2.4. Comparison of Scenario Simulations and GSIs Evaluation

Global SI of Messina City WDN is evaluated for each scenario and reported in Table 5.

Table 5. Global Sustainability Indices (GSIs) for the three scenarios.

GSI Scenario 1 GSI Scenario 2 GSI Scenario 3

0.55 0.62. 0.90

Overpressures in those districts are explained by their topographic characteristics of
them; in particular, both of them present a great value of differences in altitude values of
terrain topography, corresponding to great differences in altitude values in supply junctions
(Table 1). The Noviziato district has a difference in altitude values of district supply junction
of 66 m, and San Licandro of 82 m.

Isolating districts with great differences in altitude in their supply junction exacerbate
overpressure issues that in the actual configuration of the whole WDN are less evident
(Scenario 1, Figure 4).

Scenario 2 then highlights how districts with a homogeneous topography, Mangialupi
with 37 m of difference in altitude values, Torre Vittoria with 35 m, and Trapani with 28 m,
take great advantages in NPR sustainability from WNP.

To improve sustainability in NPR of the two districts which show unacceptable sus-
tainability values in Scenario 2, PRVs are introduced in Noviziato and San Licandro district
networks, and SIs are again evaluated in Scenario 3. After the introduction of PRVs at the
inlet, SI value of the Noviziato district increases to 0.85 and the San Licandro district to a SI
value of 0.91 (Table 4), values both corresponding to an Ideal Sustainability in NPR.

In this configuration, GSI is again evaluated, assuming the value of 0.90, which
corresponds to an ideal sustainability value in NPR for the WDN and improvement with
respect to both GSI in Scenario 1 and GSI in Scenario 2 (Table 5).

Results highlight an improvement in pressure sustainability at the global- and district-
scale while using WNP and evidence how districts with a greater difference in altitude
values due to topography take more benefits from the installation of PRVs.

4. Conclusions

In this work, sustainability improvement in the WDN pressure regime due to WNP
has been evaluated for the case study of Messina City.

The proposed methodology sees the calculation of SI to quantify and compare NPR
improvement between different scenarios after partitioning and PRVs introduction.

Results highlight how WDN partitioning with tank location criteria brings substantial
improvement in NPR for those districts that present homogeneous topographic charac-
teristics. Benefits of WNP can be found in recent literature [19], which highlights how
WNP improves energy recovery, reduces water leakage, and produces global economic
advantages for water managers when the costs of interventions are low. From the latter
statement, it is possible to qualitatively deduce that the main tank criteria for WNP applied
in the present study, which corresponds to economical intervention, would lead to global
economic benefits to Messina WDN’s managers.

For districts with great differences in values of topographic altitude in supply junctions,
WNP alone is not sufficient to improve NPR sustainability; on the contrary, it can cause
overpressure issues. Also in another study, [23] application of WNP to a WDN produced
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downgrading effects at the global scale; in particular, in [23] it compromises the overall
quality of the water in WDN.

Those counterintuitive effects in WNP highlights the necessity for simple and easy to
understand tools to check quantitatively improvements after WNP in WDN.

The methodology proposed in this study, based on SI evaluation, represent a useful
and practical tool in order to make rapid comparison between different scenarios at the
partitioned scale and global scale in WDN.

In this study, the introduction of PRVs shows to be an effective solution for improving
sustainability in NPR both at the district scale and at the WDN global scale. Introducing
PRVs is an effective way to control pressure regimes and produces also other benefits to
WDNs; for example, as highlighted in [37], PRVs and control valves’ introduction in WDN
produces leakages reductions and uniforms pressures in WDN.

The sustainability index approach shows to be an effective way to evaluate improve-
ment in pressure regime between different scenarios, quantifying those improvements in a
simple, easy to understand way, and to compare between the different configurations The
approach proposed here based on SI then results as a useful tool in intervention planning on
existing WDN for pressure regime improving using WNP procedures, as it easily evidences
where WNP is sufficient and where other solutions, such as the introduction of PRVs,
are required.

Results show coherence with WNP benefits in pressure control highlighted in other
studies [3,5–9,18] and effective use of SI if compared with literature [28,29,38], in particular
with the approach of calculation for each node and then aggregation for zones [24].

Future developments in this sense, for the benefits of this case study, can regard the
effective evaluation of water leakage reduction due to WNP and consequently economic
advantages estimation for water managers.
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