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Abstract: Urbanization and population growth have been responsible for a significant increase in
consumption of water and energy at a global scale. A careful management of water resource and
infrastructures is crucial for Energy Transition, as well as for achieving a sustainable efficiency of these
systems. High pressure values along with the ageing of the systems contribute to high leakage levels
of Water Distribution Networks (WDN). The simultaneous control of excess pressure and containment
of water losses are mainly performed by using Pressure Reducing Valves (PRVs) in WDN, which
dissipate the surplus of hydraulic energy. Instead of being dissipated, energy can be recovered by the
transformation of the excess pressure into electrical energy with the use of Pump as Turbines (PAT),
which results in an increased reliability, reduction of cost and an overall improvement in the efficiency
of WDN. The work aims on presenting an integrated efficiency management methodology in terms
of Effectiveness (E), capability (ηi

p), reliability (µi
p) and sustainability (χi

p) with values between 47 to
98%, also associated with the pressure and leakage management, and energy recovery. This research
presents a modelling of a real WDN of a District Metering Areas (DMA) of Beloura endowed with
seasonal consumption variability to better show its applicability. Additionally, an economic analysis
to assess the solution’s feasibility is presented concluding an annual energy recovered of 9.8 MWh
and a saving of about 30% of water leakage, which correspond, in the analyzed case study, to about
3523 m3. The payback period found is around 9 or 12 years, for only one PAT or two different PATs
installed, due to the small available energy of the analyzed case study. Acknowledging the synergy
between water and energy efficiency and taking advantage of these integrated smart management
methodology exemplification, it resulted in more efficient systems to achieve both effectiveness
solutions, digital and energy transition in the water sector.

Keywords: Water Distribution Networks (WDN); Pressure Reducing Valve (PRV); Pump as Turbine
(PAT); digital and energy transition; leakage control; energy recovery

1. Introduction

Water resources have a very crucial role in achieving the economic growth and envi-
ronmental sustainability at a global scale. However, the management of water has never
been a priority for the governments nor of importance in the opinion of public.

Since the beginning of the twentieth century, there has been an exponential rise in
the world population. Furthermore, increased human life expectancy has led to intense
industrialization and urbanization [1,2]. Such a growth in population and urbanization
has been resulting in increasingly high water demand, whose utilization is not efficiently
managed and this represents the main cause of water crisis. Moreover, it has expected that
the population will increase up to 10 billion in 2050, which will reflect on an intensive use
of the water resource [3,4].

Water Supply Systems (WSS) are vital in the livelihood of mankind. Nonetheless,
large number of countries do not possess water infrastructures and some have substantial
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losses [5,6]. Moreover, the Governments do not take measures for WSSs due to economic
crisis, hence the fundings are low [7]. In this regard, supplying water at affordable price
without affecting the quality represents the challenge in modern WSS [8].

With reference to WSSs in Portugal, until 1990 the water management was very
inefficienct, leading to system failures and degradation of infrastructures [9]. Nonetheless,
nowadays there is a division in water supply and wastewater, and it is considered as a
public service, of structural character, which is essential for human well-being.

In water sector, there have been continuous efforts in the promotion of water policies,
by endorsing efficiency and green growth, inclining towards the improvement of the
environment. Nowadays it is estimated that 99% of public water is safe, which is a
significant achievement considering that this value amounted to 50% in 1993. However,
water leakages in WDNs still represent a crucial issue, amounting to more than 30% on
average. The PENSAAR 2020 report presents the issues related to WSS and awareness of
the government which needs to be followed by all water authorities and municipalities [10].

Even though there is sufficient water to fulfil people’s needs, it is imperative to bring
a change in the way the water resource is used, shared and managed [1]. Drinking water
supply aggregates catchment, treatment, elevation, transportation, storage, distribution and
consumption of the water resource. A great advantage of hydraulic potential can be seized
in storage and distribution, which, hence, become very crucial processes. In this regard,
water management authorities use energy efficiency and sustainability as performance
indicators. The assessment of these parameters are performed in order to quantify the
risk associated with water distribution [11]. The boundaries in water pipe systems are
established by District Metering Areas (DMA) to monitor and decrease the water leakage.
The DMA size is dependent on several factors, such as the topography and pipe density in
networks, as well as the financial capacity of the water authorities. DMA implementation
allows for a contraction of intricacy in WDN management, based on the evaluation of water
consumption patterns, water and pressure monitoring, valve and tank control along with
the billing information of client. This is the major action developed by authorities in the
scope of water systems [11].

The main challenge for the water authorities and stakeholders is represented by the
reduction of water losses, since these represent a waste of money and resource. It is reported
that, rather than in larger distribution pipes, real water losses often occur in high-density
pipe networks, in particular within the small end-user branches [12]. However, according
to [13], most of water volume is lost in distribution pipes. In this regard, reduction of
pressure is crucial to contain the amount of leaked water [14]. Efficient devices for leakage
control are pressure reducing valves (PRVs), which dissipate the excess energy, keeping the
pressure at desirable value [15–17]. However, recent studies focused on the replacement of
PRVs with pumps as turbines (PATs). Microscale level energy can be, indeed, generated by
PATs, which convert the surplus pressure in electrical energy [18]. However, PRVs and PATs
have similar behavior in steady-state conditions, even though a difference in the peaks and
wave propagation can be seen in their dynamic response in transient conditions [16–18],
PATs being dynamically better. Compared to traditional turbines, PATs result in many
advantages, such as low maintenance, repairing and acquisition costs, as well as very low
environmental impact. However, a careful selection is required in order to get the best
outcome in terms of system efficiency [18]. Indeed, in WDNs the strong fluctuations of flow
and head patterns may lead to a decreased energy production, thus, resulting in negative
economic impacts. Moreover, due to the rigid geometric configuration of volute case and
impeller, PATs do not offer possibility for flow regulation, forbidding the operation at the
best efficiency whenever there is a change of flow [4,19]. In spite of its disadvantages, PATs
contribute to a sustainable development of water systems as they reduce the dependency
on external sources of power and increase the energy efficiency of these systems [17,20].

This research paper aims to propose an integrated smart management methodology, as
a reliable tool for water sector managers to improve the energy efficiency of water networks.
The next sections are organized as follows:
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- Section 2 presents the fundamentals, the methodological approach and the model
development;

- Section 3 presents the description of the case study and the characterization of the
analyzed system in terms of water consumption. Moreover, different hydropower
solutions are considered and compared in terms of leakage reduction and energy
recovery. Finally, an economic analysis is carried out in order to assess the viability of
the proposed solutions;

- Section 4 presents the conclusive remarks of the proposed work.

2. Materials and Methods
2.1. Fundamentals

In the water transmission and distribution pipes of WDN, a relatively large hydraulic
power in Water Supply Systems (WSS) can be found. A notable number of economic
benefits could be gained if a careful assessment of the energy potential available in the
system is carried out [21].

A recent methodology proposed in literature is the Variable Operating Strategy (VOS).
Given a flow-head distribution and a network backpressure, this procedure allows for the
geometry selection of any energy production devices (EPDs) ensuring highest values of
plant efficiency [22].

In order to guarantee a desirable head despite of the variable conditions, the hy-
dropower plant can be modulated by an hydraulic regulation (HR) or electrical regulation
(ER). HR consists of two branches in parallel: one branch has a control valve in series with
the PAT, while the other branch works as a bypass line and is equipped with a regulation
valve, as shown in Figure 1.
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According to HR regulation in Figure 1, when the available head (Hd) is greater than
the head deliberable by PAT (Ht), i.e., the operating point is above the characteristic curve,
the excess pressure is dissipated by the control valve (A), which is in series with the PAT.
Alternatively, if the flow rate within the system (Qd) is greater than the one deliverable by
the PAT (Qt), i.e., the operating point is below the characteristic curve, the excess discharge
is bypassed. Conversely, with reference to ER operation, the PAT is equipped with an
inverter, which adapts the rotational speed according to the variable flow rate and head
values. Moreover, there exists a further operation model, that is, HER mode (see Figure 1),
which is the combination of HR and ER modes [22–24]. This research focuses only on the
HR mode.

Nowadays, water industry is affected by strong management issues. Combined
efforts from governance, municipalities, and water sector companies have been made as a
consequence of detriments caused by climate change, population growth, and urbanization,
in order to find adaptive solutions in moving towards sustainability.

To increase the efficiency and lower the cost in WDN, the current interest leans towards
the Smart Water Technologies (SWT), such as Smart Water Grids. Advanced technologies
in SWGs, such as smart water pipes and sensors, GIS and/or SCADA platforms, are very
effective to assess the quality of water supply service, as well as to monitor and identify any
cruciality in WDNs [7,25,26]. The major drawbacks of SWG implementation come with its
investment and financing, as well as with political and institutional issues [2,7]. Since the
relationship between water and energy is emphasized by the water-energy nexus [27], an
integrated sustainably efficient management network can be achieved by the combination
of the water-energy nexus and a deep knowledge in SWG.

2.2. Methods

Equation (1) shows the network effectiveness (E), which is a crucial measure to assess
the viability of a given strategy. According to Equation (1), the effectiveness of a strategy
depends on its capability (ηi

p), reliability (µi
p) and sustainability (χp). The ratio of the

produced electric energy to the available hydraulic energy, for a given demand pattern, is
the system capability and it is given by Equation (2).

E = ηi
pχpµi

p (1)

ηi
p =

∑n
i=1 Ht

i Qt
i η

t
i ∆ti

∑n
i=1 HiQi∆ti

; Qt
i ≤ Qi, Ht

i ≤ Hi (2)

With reference to Equation (2), n is the number of points in the operating zone, Qt
i is

the PAT discharge (m3/s), Qi is the discharge within the pipe (m3/s), Ht
i is the head drop

through the PAT (m), Hi is the head needed for regulation (m), ∆ti is the time interval with
constant hydraulic values (h) and ηt

i is the PAT efficiency.
The probability of the functioning of a network component without failure for a given

period of time is expressed represents the reliability. Equation (3) provides a general
expression of reliability (R) using an exponential probability distribution.

R(t) = e−λt (3)

In Equation (3), λ is the failure rate and it is given by the inverse of the Mean Failure
Time (i.e., 1/MFT).

With reference to the PAT system, the reliability can be expressed according to Equation (4),
as a function of the flow rate of the PAT at the best efficiency point (BEP).

µi
p =

MFT
(

Q
QBEP

)
MFT(QBEP)

(4)
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According to Equation (4), the more the PAT operating point being closer to its BEP,
the higher the reliability value [4,24].

A standard curve for the reliability is given in Figure 2.
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Equation (5) [23] provides the expression for sustainability
(

χi
p

)
, which accounts for

the reduction in effectiveness when the deliverable head and available head are different
from each other.

χi
p =

1 + 10

∣∣∣Ht − ∆Hd
∣∣∣

BP

−1

(5)

In Equation (5), BP is the backpressure (m), ∆Hd the available head in the system (m)
and Ht the head delivered by the PAT (m) [23].

In this study, a methodology for increasing the effectiveness of water distribution
networks is proposed. Figure 3 shows a flow-chart of the proposed methodology.
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The methodology adopted, which encompasses the implementation, calibration and
optimization processes, is crucial in obtaining reliable results. The proposed methodology
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relies on three main stages: (i) Data collection and calibration of the digital model; (ii) Use
of the calibrated model to assess the benefits resulting from the installation of PRVs and
PATs, in terms of energy efficiency and leakage reduction; (iii) assessment of the feasibility
of the proposed solution based on technical and economic analyses.

Data referring to the spatial layout (length and elevation) and physical characteristics
(type of material, diameter, state of conservation, among others) of conduits, connection
nodes, final consumption nodes, as well as all hydraulic equipment, which include the
reservoir and valves essential for the materialization of the network in computer support,
are acquired in GIS format from the Water Management Entity. The data was imported
directly into the WG using the ModelBuilder tool, where the parameters required for its
complete definition are matched to each type of network infrastructure. For the tuning
and calibration study, the consumption pattern represents the flows recorded in 1 h plots
during 365 days; for the evaluation of the energy use solution, three patterns of average
daily consumption are created. The results of the Digital Twin model are thus evaluated,
using the comparison of pressure values at monitoring points with the values obtained by
the Management Entity, based on the stated assumptions for estimating consumption. The
aim is to make benchmark analysis for periods of different consumption. Data analysis and
calibration allow drawing the first conclusions of the study in terms of pressure and flow
distribution. In order to be able to quantify the residual recoverable energy of the system,
carrying out its energy balance, it is still necessary to optimize it, in order to find solutions
that can be studied. The optimization consisted of the following steps:

• Opening of closed PRVs;
• Setting the minimum pressure downstream of the existing PRVs, with the criterion of

verifying the minimum regulatory pressure at the critical points of the network.
• Implementation of two new PRVs, in a strategic location, in order to control pressure

on the network and simultaneously study their possible energy use.
• Evaluation of the network leakage simulation.

The strategic vision of the Management Entity includes an effort to measure and
control flow data, a system having recently been incorporated, Waternet, which returns
various network performance indicators, which are mainly used in the immediate detection
of leaks and real losses, improving the efficiency of systems and the costs associated with
water loss. Once an adequate level of guarantee has been achieved in the modelling, and
in accordance with the existing hydraulic constraints, namely the regulations and ranges
of flow values and operating head of the pumps in turbine mode, the construction of
scenarios and alternatives to be taken into account in the energy assessment, for each
period of existing consumption. For each scenario, the best PAT curve is evaluated in order
to better adapts to the hydraulic conditions of the network, i.e., installed flow and pressure.
An analysis of the efficiency of the system is carried out, as well as the Effectiveness (E),
capability (ηi

p), reliability (µi
p) and sustainability (χi

p), as well as an energy and economic
analysis, which leads to the most reliable solution.

2.2.1. Model Restrictions

WDNs are required to fulfill both velocity and pressure criteria.
The maximum flow velocity (Vmax) within a pipe is defined in Equation (6).

Vmax = 0.127D0.4 (6)

where D is the internal diameter of the pipe (mm). Moreover, the velocity is required not to
assume value less than 0.3 m/s. In case such minimum requirement is not met, discharge
valves are required.
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Besides velocity, pressure conditions should be also verified. The maximum service
pressure must not exceed 600 kPa while the maximum pressure fluctuation must not exceed
300 kPa. Moreover, the minimum service pressure is defined in Equation (7):

pmin = 100 + 40n (7)

where pmin is the minimum pressure (kPa) and n is the number of floors above ground
level, including the ground level (−) [28–30].

In hydraulic regulation mode, when the head upstream of the PAT is higher than
the deliverable value, a regulating valve dissipates the excess pressure. Conversely, if
the flow rate is too high, the regulating valve dissipates the excess flow. In this mode of
operation, the PAT rotation speed is assumed as fixed. The hydraulic regulation modelling
is presented in Equation (8):

Hd = Ht(Qt)+ Hvalve
Qd = Qt + Qbypass

Hvalve > 0, Qbypass = 0 i f Ht(Qt) < Hd
Hvalve = 0, Qbypass > 0 i f Ht(Qt) > Hd

(8)

where Hd is the available head drop (m), Ht is the head drop within the PAT (m), Hvalve is
the head drop within the regulation valve (m), Qd is the flow rate within the system (L/s),
Qt is the turbined flow (L/s) and Qbypass is the flow through the regulation valve (L/s).

The energy produced in the hydraulic regulation mode is dependent on the character-
istics of the system and the selected PATs. Figure 4 presents the four operating regions of a
system based on PAT technology.
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According to Figure 4, there exist four operating zones:

Zone A—Qd < Qt
min or Hd < Ht

min : Ep = 0

Zone B—Qt
min < Qd < Qt

max and Hd > Ht
(

Qd
)

: Ep = P
(

Qd
)

∆ti

Zone C—Qt
min < Qd < Qt

max and Ht
min < Hd < Ht

max : Ep = P
(

Qd
(

Hd
))

∆ti

Zone D—Qd > Qt
max and Hd > Ht

max : Ep = P
(
Qt

max
)
∆ti

(9)

According to Equation (9), Qt
min is the minimum flow turbined by the PAT (L/s),

Qt
max is the maximum turbined flow within the PAT (L/s), whereas Ht

min and Ht
max are,

respectively, the minimum and maximum head drops within the PAT (m). Moreover, P is
the power (W) and ∆ti is the operating time interval (h).

The characteristics of the selected PAT, assuming the engine rotation speed fixed at
1520 rpm, are presented in Table 1.
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Table 1. Selected PAT characteristics.

PAT Qt
min(l/s) Qt

max (l/s) Ht
min (m) Ht

max(m) QBEP(l/s) HBEP (m) ηt
i (−)

Etanorm 32–160 3.33 7.31 11 34 5.55 21 0.6

Etanorm 40–200 5.56 13.4 16 52.5 10 32 0.57

With reference to Table 1, QBEP and HBEP represent, respectively, the flow rate and the
head drop of the PAT at the best efficiency point.

2.2.2. Hydraulic-Energy Simulator Model

Hydraulic simulation enables a deep analysis of pressure for leakage control and
energy recovery. In this study, WaterGEMS (WG) software has been used to carry out
the hydraulic simulations and investigate the behavior of the system. This software was
developed by Haestad Methods and distributed by Bentley Systems [31].

WaterGEMS relies on the principles of Conservation of Mass and Conservation of
Energy to solve the hydraulic equilibrium of a water system. Based on the Gradient
Algorithm, this solver allows to solve the network, whether in steady-state conditions or in
Extended Period Simulation (EPS).

Conservation of Mass is applied by the software in network nodes, according to
Equation (10):

∑ QIN∆t = ∑ QOUT∆t + ∆VS (10)

where QIN is the total inflow at the node
(
m3/s

)
, QOUT is the total demand at the node(

m3/s
)
, ∆t is the time interval (h) e ∆VS is the change in storage volume

(
m3).

Given two nodes of the system, the energy equation can be formulated as:

p1
γ

+ z1 +
U2

1
2g

=
p2
γ

+ z2 +
U2

2
2g

+ hl (11)

where p is the pressure
(
N/mm2), γ is the water specific weight

(
N/m3), z is the pipe

elevation (m), Ui is the velocity (m/s), g is the gravitational acceleration
(
m/s2) and hl

the total losses (m).

2.2.3. Potential Energy Model

PAT and PRV implementation are both taken into account within the strategy proposed
in this study.

PAT efficiency (ηt
i ) is defined by the ratio between mechanical power (Pm) and hy-

draulic power (Ph), as shown in Equation (12) [32]:

ηt
i =

Pm

Ph
=

ωΓ
γQt Hu

(12)

where γ is the water specific fluid
(
N/m3), Qt is the PAT discharge

(
m3/s

)
, Hu is the

available head (m), ω is the angular velocity (rad/s) and Γ is the torque (Nm).
In this study, PAT characteristic curves were obtained using catalogues provided by

KSB manufacturer (Figure 5a). As a complement to PATs, the pressure control strategy will
be performed in this study by means of PRVs as well. (Figure 5b).

Given a demand pattern, the energy production can be expressed as:

Ep = ∑ ηγQtHu∆t = ∑ Pu∆t (13)

where Ep is the produced energy (kWh), Pu is the produced power (kW) and ∆t is the time
interval (h).
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2.2.4. Economic Model

An economic analysis has been carried out in order to assess the viability of the
proposed strategy. The criteria for selecting a strategy cannot be merely the maximization
of the energy revenue. As a matter of fact, the solution that leads to greater economic
benefit may not be the solution that optimizes cost-effectiveness. Thus, the most viable
solution should be carefully investigated, based on a comparative analysis between different
economic criteria.

The assessment is carried out using and comparing several economic functions, such
as the Net Present Value (NPV), benefit-cost ratio (B/C), internal rate of return (IRR) and
payback period (PBT).

NPV formulation is presented in Equation (14), where it is expressed as the cumulative
sum of revenue minus costs during the lifetime of the project.

NPV = R − C − O − P (14)

With reference to Equation (14), R is the revenue, C is the capital cost, O is the operation
cost and P is the reposition cost. The greater the NPV, the more attractive the solution.

The B/C function represents the ratio between present value of benefits and total
costs, as shown in Equation (15):

B/C =
R − O
C + P

(15)

The greater the ratio, the more attractive the solution. For B/C ratio values smaller
than 1, projects are considered unviable.

The internal rate of return, IRR, represents instead the discount rate that makes NPV
equal to zero. The greater the IRR, the better the solution. Finally, the payback period, PB,
represents the number of years until the cumulative cash-flows turn positive, that is, the
number of years until revenue surpasses the costs [33].

3. Case Study
3.1. Brief Description

The Sintra Municipal Water and Sanitation Services (SMAS) is one of the largest water
distribution authority in the country, with around 182,000 customers spread over 320 km2.
The SMAS is responsible for managing water in the municipality of Sintra, with a distribution
network that extends over 1784 km of water pipes, divided into 52 DMAs, including Quinta da
Beloura, in the Parish of Sintra. Beloura’s DMA, built in the early 2000s, includes 15.4 km of
water pipes and serves a population estimated at around 4000 inhabitants, corresponding to
1335 customers. The Management Entity proposed to verify the diameter of pipes, in order to
assess their correct dimensioning, as well as a study of the level of pressures and flow velocities
in the network and possible improvements to be implemented. On the other hand, it was



Water 2023, 15, 1217 10 of 23

proposed to evaluate the capacity of the network to produce electricity, through the use of the
available hydraulic potential. This study does not take into account water quality assessment,
as well as the system behavior in fire situation.

Beloura DMA is equipped with Hydrins flow meter (with an error of +/−1%), which
is installed upstream of the water distribution network (Figure 6a) and is used by the
Management Authority to register the flow every one-hour intervals. Data are recorded
and sent via GSM to a computer system by means of a Multilog data-logger (Figure 6b).
This study relies on the values recorded by this measure system and, in particular, focuses
on an average one-year period.
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Figure 6. Aerial view of the Beloura DMA (a); flowmeter and data-logger (b).

With regard to the reference period, the average annual recorded flow is 12.12 L/s,
which corresponds to an average capitation of around 260 l/day. It is worth noting that
this high value stems from the specific use of the analyzed DMA, which is not merely
residential, due to the presence of many services. The annual hourly consumption pattern,
which expresses the ratio between the recorded hourly flow rate, Qi, and the average
annual flow rate, Qma, is presented in Figure 7.
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Figure 7. Annual flow pattern in Beloura DMA.

According to the recorded data, the hourly consumption ranges between 1.5 and
43 L/s, due to the high seasonal variability of water consumption. Figure 8a shows
the frequency of occurrence of the recorded data for the reference period, as well as
the cumulative percentage of the total water volume for each level of consumption. By
analyzing the data at monthly intervals., three large groups of consumption have been
identified: (1) normal, (2) high and (3) very high. The consumption defined as normal
aggregates the water utilization registered in the months from November until April
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(Figure 8b); high consumption refers to months of May and October (Figure 8c); finally,
very high consumption refers to the consumption recorded in the months from June until
September (Figure 8d).
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Once these three scenarios of annual consumption have been defined, a weekly anal-
ysis is carried out, in order to obtain different consumption patterns. Figure 9 shows the
average hourly data during one-week period, with reference to normal (a), high (b) and
very high (c) consumptions.

The network is supplied entirely by gravity from Linhó reservoir, which in turn is
supplied from the Ranholas pumping station. The reservoir has a capacity of 4000 m3

and its water level is assumed constant in this study. More specifically, the distribution
network consists of two main large pipeline sections—external and internal circular—where
587 branches are connected.

The nominal diameters of the pipes are represented in the network diagram, with
values expressed in millimeters. The diameters of the final connection branches vary
between 32 and 90 mm (Figure 10a)

According to Figure 10c, most of the network exhibits pressures higher than the
maximum allowed, which is between 65 and 70 m w.c. (see red zone in Figure 10c), and
much higher than the minimum pressure fixed at 15 m w.c. Indeed, according to the
real configuration shown in Figure 10b, the network consists of six PRVs, of which only
two work properly, in constant load mode. With reference to PRV1, the valve type is
Flucon200.02.03 (DN 100), installed in a 200 mm pipe diameter and set with a downstream
pressure value equal to 34 m w.c. Instead, PRV2 is a Flucon200.02.03 (DN65) and it is
installed in a 140 mm pipe diameter, with a pressure set equal to 15 m w.c. According to the
current configuration, all the other PRVs (Flucon200.02.03 DN65) are closed. In this study,
the pressure values are adjusted, assuming constant load regulation mode. In particular,
PRV1 and PRV2 are set with a downstream pressure value of 15 m w.c., PRV3 and PRV4 are
set with a downstream pressure value of 17 m w.c., while PRV5 and PRV6 are assumed to
work with downstream pressure equal to 15 m w.c. According to this setting, the minimum
pressure of 14 m w.c. is respected in all network nodes.
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3.2. Results
3.2.1. Different Types of Demand Pattern

The results of the hydraulic simulations are presented in Figure 11, with reference to
normal (a), high (b) and very high (c) consumption. According to the performed analyses,
the value of the flow within PRV3 is null. Moreover, since the flows within the other PRV1,
PRV2, PRV4 and PRV5 are very low, these locations are not suitable for PAT installation.
Conversely, due to the larger value of flow rate within PRV6, it may be replaced with a PAT.
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3.2.2. Water Losses Evaluation

The water network has been recently equipped with Waternet system, which is a useful
tool enabling water managers to detect any leaks and losses in the network. According to
the measured data, in Beloura’s DMA losses are accounted as around 2.6%, which is low
due to the recent age of the system and the good conditions of the pipes.

To perform the hydraulic simulation, the Hazen-Williams roughness coefficient, has
been set equal to 140, which is a suitable value for HDPE (High Density Polyethylene)
pipelines in good conditions. The simulation has been performed using the “Pressure
Dependent Demands” (PDD) function, according which leakage flows are concentrated at
the nodes and depend on the pressure values

According to PDD function, there exists an exponential relationship between the
leakage flow and the pressure at nodes:

Ql = K × Pn
mo (16)

where Ql is the leaked flow rate, K and n are, respectively, leakage coefficient and exponent,
which depend on the material, the age of the pipes and the shape of the orifice. Finally, Pmo
is the pressure upstream of the orifice [18]. In this study, n has been assumed as 0.5, which
provide realistic values of water leakage within the system.

In this study, for each daily average consumption pattern, the water use has been
assumed as distributed equally across the entire network, hence each node is assigned the
same probability of occurrence of a leak. This hypothesis offers the most realistic leakage
distribution in the network.

For the definition of the individual nodal reference pressure, since the maximum
pressure value for which the leakage flow does not depend on the pressure is not known,
the daily average values of the pressure in each node was considered corresponding to
its network simulation in steady-state mode. Table 2 presents the average flow values
measured by the flow meter system, as well as the leakage values resulting from the
performed simulation.

Table 2. Measured flow rates and simulated leakage values for different consumption scenarios.

Types Demand
Average Flow Distributed

in the Period
(L/s)

Daily Leakage
Volume (m3)

Total Leakage Volume
in the Analyzed

Period (m3)

Yearly Total Leakage
Volume (m3)

Normal 8.12 30.64 5576

11,623High 11.74 30.99 1921

Very high 18.28 33.82 4126

According to Table 2, the simulated leakage amounts on average to around 3.03% of
the total flow distributed in the reference year, being therefore in line with expected value.
According to this result, the digital model under investigation is properly calibrated and its
output values are coherent with the real conditions of the analyzed network. Therefore, the
proposed model can be used as a reliable tool to make a realistic assessment of the energy
potential and investigate the feasibility of possible energy recovery strategies.

3.2.3. Operating Conditions

In the proposed application, PRV5 is used as a flow control device, instead of a pressure
reducing valve. Moreover, a PAT is installed in place of PRV6. Whether the flow is lower
or higher than, respectively, the minimum and maximum flow turbined by the PAT, the
PRV5 is active and operates in constant load mode. Otherwise, the PRV5 is closed and the
flow is entirely turbined by the PAT. The new implementation scheme is then illustrated in
Figure 12.
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In Figure 13a (normal consumption), considering Etanorm 32–160 as reference PAT
(i.e., alternative A), the maximum useful head drop within the PAT is equal to 31.92 m and
the maximum turbine flow assumes value of 7.1 L/s. According to the trend, there is not
energy production during night period (i.e., 0–6 am). The maximum pressure resulting
from this regulation is equal to 55.3 m w.c. In Figure 13b (high consumption) considering
Etanorm 32–160 as reference PAT (i.e., alternative A), the maximum useful turbined head
is equal to 31.91 m and the maximum turbined flow is equal to 7.1 L/s. The maximum
network pressure is instead equal to 53.1 m w.c. Conversely, assuming Etanorm 40–200 as
reference PAT (alternative B) in same consumption scenario, the maximum useful turbined
head is equal to 31.91 m and the maximum turbined flow equals to 10 L/s. With regard
to the maximum network pressure, this is equal to 55.4 m w.c. In Figure 13c, assuming
Etanorm 32–160 as reference PAT (alternative A), the maximum useful turbined head is
equal to 32.06 m and the maximum turbine flow is 7.1 L/s, while the maximum network
pressure is equal to 46.8 m w.c.. In the same consumption scenario (very high), assuming
Etanorm 40–200 as reference machine, the maximum useful turbined head is equal to
31.97 m and the maximum turbine flow takes the value of 10 L/s. The maximum network
pressure is, instead, equal to 46.7 m w.c. In all the analyzed scenarios, the reference PATs
work closely to BEP values.

3.2.4. Average Weekly Recovery Energy and System Efficiency

Figure 14 presents the recovered and available energy, as well as effectiveness and
capability values, for all the analyzed consumption scenarios. With reference to the normal
consumption scenario (see Figure 14a), the maximum value of both effectiveness and capa-
bility reaches a values of 59.3%. With regard to the high consumption scenario (Figure 14b),
the maximum effectiveness equals to 52.1% and 55.2% for alternatives A and B, respectively.
According to the reliability values in alternative B, these are quite low in the intervals
1–3 am and 1–6 pm, as a result of the PAT operating far from its BEP, compared to the
remaining time intervals. Moreover, alternative A produces a slightly higher daily energy
use (27.8 kWh) compared to alternative B (26.8 kWh). For the very high consumption
period, the considered alternatives return maximum capacity values of 52.7% and 56.2%
for A and B, respectively. In alternative A, the reduced effectiveness value translates into
the poor use of PAT (Etanorm 32–160), which exhausts its production capacity, wasting a
lot of energy.
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(E) and capability (η) (right): (a) normal; (b) high; (c) very high consumption scenarios.

Table 3 presents the average and maximum values of effectiveness (E), the capacity (ηi
p),

reliability (µi
p) and sustainability (χi

p). According to the figures in Table 2, the sustainability
reaches the maximum value (100%) in each consumption scenario. With regard to the
reliability, it achieves the maximum value in both normal and high consumption scenario,
while it decreases to 86.6% for very high consumption scenario.

Table 3. Effectiveness (E), Capacity (ηi
p), Reliability (µi

p) and Sustainability (χi
p) for different con-

sumption scenarios.

Type of
Demand

E
(%)

Emax
(%)

ηi
p

(%)
µi

p
(%)

µi
pmax

(%)
χi

p
(%)

χi
pmax

(%)

Normal 46.9 59.6 53.4 87.4 99.3 98.6 100

High 40.6 56.6 47.5 86.6 99.3 98.2 100

Very high 27.3 39.2 34.3 80 80 99.6 100
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3.2.5. Energetic and Economic Evaluation

According to the obtained results, in the period characterized by normal consumption
(i.e., from November to April), the solution consists of a daily production of 18.5 kWh
(i.e., 44% of the available energy). In the period of high consumption (May and October),
alternative A determines a daily production of 27.8 kWh (45% of available energy) whereas
alternative B results in 26.7 kWh (51% of available energy). In the period of very high
consumption (from June to September), alternative A ensures a daily production of 30 kWh
(30% of available energy) while alternative B guarantees a daily production of 38.8 kWh
(41% of available energy). Moreover, if the two PATs (i.e., both Etanorm 32–160 and
Etanorm 40–200) are assumed to work in parallel, the energy production results to increase.
According to this configuration, Etanorm 32–160 would work for periods of normal and
high consumption while Etanorm 40–200 would cover periods of very high consumption,
where it has been demonstrated to perform by far better than alternative A. The total
efficiency of the system resulting from this configuration would be equal to 37%.

Figure 15 shows the average daily production values resulting from all different
consumption scenarios.
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In addition, the annual energy production has been also evaluated. In the period of
normal demand, the total production reaches 3367 kWh, whereas in the high and very high
periods this production amounts to 1725 kWh and 4738 kWh, respectively. Therefore, the
total annual production results equal to 9.8 MWh.

The economic analysis has been carried out considering a period of 25 years and
assuming an energy selling price equal to 0.1 €/kWh. According to KSB catalogue, the cost
of Etanorm 32–160 is equal to 3215 € whereas the Etanorm 40–200 costs 4087 €. With regard
to the PRV cost, it has been assessed equal to 2100 €. Moreover, maintenance costs vary
significantly, depending on the infrastructure, amounting to 0.5% for civil construction,
2.5% for electrical equipment and 1.5% for hydraulic equipment. Equipment replacement
has not been considered within the evaluation, since this cost is expected after 25 years
of operation.

Figure 16 shows the monetary flows for different discount rates (i.e., 6%, 8% and 10%),
assuming the installation of either one PAT (i.e., Etanorm 32–160) or two PATs (i.e., Etanorm
32–160 and Etanorm 40–200) in parallel. According to this figure, the solution with two
PATs result in higher payback period (12 against 9 years) but also in higher NPV value at
the end of the simulation period. Moreover, the energy recovery results in lower pressure
values, which means leakage reduction. As a result, there is an annual saving of water due
to the reduction of leakage amounting to 30%, which correspond to about 3523 m3.
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4. Conclusions

Smart water grids (SWG), relying on these digital technologies, allows for a real time
monitoring of water networks, with benefits in terms of control of the system, decrease of
time response to failures, increase of system sustainability and efficiency.

PRVs are very common solutions used in water networks with the aim of reducing
pressure, which is the main cause of water leakage. Moreover, the introduction of a PAT, to
replace or supplement PRVs, allows for the transformation of available hydraulic energy
into electricity. PATs are becoming increasingly relevant in microscale power production,
since its implementation allows to reduce both operational and energy costs, having positive
impacts in the systems sustainability.

This research aims at presenting an integrated efficiency management methodology
to assess the benefits associated with leakage control and energy recovery, based on the
evaluation of system effectiveness (E), capability (ηi

p), reliability (µi
p) and sustainability

(χi
p). Properly calibrated, the developed model allows for a realistic representation of the

system conditions in a real water network. The methodology has been tested on Beloura’s
DMA (PT), assuming differing consumption scenarios (i.e., normal, high and very high).
The behavior of two PATs was investigated, each one representing an alternative for energy
recovery in the system. The alternative A, i.e., Etanorm 32–160, was demonstrated to work
close to BEP values for normal and high consumption scenarios, whereas the alternative
B, i.e., Etanorm 40–200, exhibits its best performance in very high consumption scenario.
Moreover, alternative A was demonstrated to ensure a daily production equal to 44%, 45%
and 30% of the available energy, for normal, high and very high consumption scenarios,
respectively. Conversely, alternative B was proven to save 51% and 41% of the available
energy, with reference to high and very high consumption scenarios, respectively. Moreover,
assuming the two PATs working in parallel, the annual energy recovered results equal to
9.8 MWh and the reduction of water leakage amounts to 30%, with a payback period of
12 years. On the whole, this solution was demonstrated to be efficient and sustainable, with
values of effectiveness (E) and capacity (ηi

p) up to 50% and 53%, respectively. Moreover, also
reliability (µi

p) and sustainability (χi
p) resulted to be promising values, assuming average

values up to 87% and 98%, respectively.
This methodology is a useful tool which can find application in a realistic and reliable

assessment of the energy efficiency and leakage reduction in any DMAs. It also allows for
possible benchmark analysis between different water management entities towards digital
transition and sustainable development goals.
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Abbreviations

BEP Best Efficiency Point
B/C Benefit/Cost ratio
CC Characteristic Curve
DMA District Metering Area
ER Electrical Regulation
HER Hydraulic and Electrical Regulation
HR Hydraulic Regulation
IRR Internal Rate of Return
MFT Mean failure Time
NPV Net Present Value
PAT Pumps as Turbines
PRV Pressure Reduction Valve
SWG Smart Water Grid
PBT Payback Period
WDN Water Distribution Network

Notations/Symbols

BP Backpressure
C Capital costs
E Effectiveness
Ep Energy produced
H Nodal head
Hd Available head in the system
Hi Available head
HT

i Head delivered by the turbine
HR Rated head
h Head loss
K Coefficient based on demand
n Number of floors above the ground level or years
NR Rated turbine speed
O Operation costs
P Reposition costs
Pe Engine or mechanical power
Ph Hydraulic power
PR Rated power
Qi Discharge
Qbypass Bypass discharge
QT

i Discharge delivered by the turbine
QR Rated flow
Qt Turbine discharge
Qtotal Total peak flow
R Revenues
r Discount rate
∆ti Time interval
γ Specific weight of the fluid
λ Failure rate
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η Efficiency
ηp Capability
ηT Turbine efficiency
µp Reliability
ρ Mass density of the fluid
φp Flexibility
χp Sustainability
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