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Abstract: The constant growth of the population and the increase in the need for resources create
challenges, and it is necessary to seek more sustainable solutions to manage them more adequately
and efficiently. In recent years, the use of renewable energy systems has increased, in which water
distribution networks are no exception. Pumps operating as turbines (PATs) are an innovative
solution with enormous potential to achieve these sustainable development goals. As a means of
improving sustainability, in this research, an optimized regulation tool is developed to maximize the
recovered energy in the system using PATs in water distribution networks (WDNs). This is possible
due to the use of empirical methods for the estimation of the characteristic curves. The tool was
developed in Simulink MATLAB, in which the optimization and iterative steps were carried out. It is
based on the intended methodology and applied to a real case study. When implementing the tool,
the results given are the hydraulic–electrical regulation strategies, where the number of machines
working, the frequency inverter setpoint, and the degree of opening of the pressure-reducing valves
(PRV) is defined for any given time. After the analysis in the case study, the tool recovered 28% of the
supplied energy in the system. This daily recovered energy was above 7160 kWh, and it contributed
to an increase in efficiency and sustainability.

Keywords: hydraulic regulation; electronic regulation; sustainability; pump working as turbine;
water distribution network

1. Introduction

In the search for the sustainable development of society, various authors have carried
out studies in which the use of energy recovery systems is proposed, with the so-called
microgeneration systems being more commonly used [1]. Population growth has been
responsible for an increase in energy and water consumption since the industrial revolu-
tion [2]. This caused an increase in the energy cost in different hydraulic systems and the
inclusion of management to make the water cycle more sustainable [3]. Renewable energy
sources with little or no environmental impacts have led to a global proliferation of this
hydropower technology [4], particularly those of the run-of-river type [5]. To improve these
sustainable indexes, several studies have shown that the use of microgeneration causes
a decrease in pressure and an increase in renewable energy [6] and its optimization in
generation [7]. Additionally, this pressure decrease guarantees the improvement of the
leakage indexes of the supply network [8].

With the development of strategies focused on ensuring energy and hydraulic efficien-
cies, such as pressure control for leak reduction or energy recovery using microturbines, it
is possible to increase sustainability [9]. In this way, the use of a pump in reverse mode,
called a pump working as a turbine (PAT), is a real application that has been considered
in recent years [10]. The use of microhydropower systems, joined with other renewable
systems such as photovoltaic systems, enables an improvement in the use of clean energies
in water distribution systems [11].
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The major availability of pumps compared to available turbines improves the feasi-
bility of these facilities, reducing investment and showing low payback, although PAT
efficiency is lower than turbine efficiencies [12].

PATs analyses have been developed since the 1940s. Stepanoff [13] was the first
to establish a method to estimate the efficiency of the machine when it operates as a
turbine, and Childs [14] developed a comparative study of efficiencies when the machines
operate as pumps or turbines. Grover [15] proposed linear equations to estimate the best
efficiency point of a machine operating as a turbine. Sharma [16] developed a prediction
method that uses relationships. These values depend on the efficiency of the pump.
Alatorre-Frenk et al. [17] proposed a method based on equations setting a limited number
of PATs data, which improved the previous results, and Williams [18] presented a study
on the comparison of different calculation methods for turbine performance prediction
using the best efficiency value. Fernández et al. [19] observed the influence of the rotational
speed on efficiency and obtained the characteristics at constant head and runaway speed.
Derakhshan and Nourbakhsh [20] tried to estimate hydraulic parameters (i.e., head, flow,
and efficiency) in turbine mode using pump data with CFD techniques. Páscoa et al. [21]
proposed a new approach for the PAT power plant, designed based on a constant head,
instead of a traditional operation, at a constant flow rate. Rossi and Renzi [22] evaluated
both the best efficiency points (BEP) and the performance of PATs in an accurate way using
artificial neural networks. Pérez-Sánchez et al. [23] defined new approach equations to
estimate the BEP of a PAT and the characteristic curves using an experimental database of
181 different PATs.

Estimating the characteristic curves and the best efficiency point in a PAT requires
overcoming new challenges to improve the use of these systems in the future [24]. Systems
of the future should be focused on taking advantage of the different regulation strategies
and applying affinity laws [25]. The use of these methods enables the hydraulic and
electrical regulation of these recovery systems. Additionally, their implementation improves
the optimization procedure and includes an increase in the generated energy [26].

This regulation improvement should be supported by optimization tools, with water
managers knowing the main constraints of the system (flow over time, upstream pressure,
and downstream pressure) to guarantee the quality of service to the end-user [27]. There
are only a few previous works that have developed a tool to select PATs or turbines [28].
The tools were focused on defining the best efficiency point, but this analysis was not
centered on the interface used to analyze alternatives and develop energy studies [29],
improving their operation [30]. A MATLAB Simulink model was developed for simulating
a branch of the WDN located in Laives (South-Tyrol) [31] or for analyzing two different
scenarios [32]. Simulink was also used to estimate leakages [33], floods control [34], or
waste-water treatment modeling [35], among others.

This research develops an interface using a dynamic model by Simulink MATLAB [36].
The optimization tool is focused on the selection of the pump, defining the best regulation
strategies (the number of operating machines, rotational speed value, and opening degree
valves) at any given time to guarantee the hydraulic constraints of the system and maximize
the generated power, which could be supplied to the grid or self-consumed. The main
goal of the manuscript is to develop an optimization tool that enables an improvement
in PAT management in water systems. The novelty of our work is the focus on the inte-
gration of empirical methods, which can estimate the characteristic curves to optimize the
operation and select machines based on flow over time as well as the frequency of these
flows. The implementation tool is new and crucial to improving sustainability in water
distribution systems.
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2. Methods

This section proposes a methodology that enables the development of a tool for the
analysis of the regulation of an energy-recovery system. As a starting point, there are flow
input records and pressure setpoints established at a point in the distribution system, which
establish the operating restrictions.

As the object of the application is water supply, this means that there is a variable
operation system, and we seek to design a strategy in which energy recovery does not
compromise the level of service of the network but can provide an improved solution to
the study system.

As shown in Figure 1, the hydraulic model considers there will be a replacement
between a pressure-reduction valve (PRV) and a recovery system. The energy recovery
equipment has two main groups of elements: PATs and PRVs. A parallel group of three
PATs is considered, including two pressure-reducing valves (one in parallel to the machines
and another at the outlet, connected in series). The function of these PRVs is the dissipation
of the excess of the hydraulic head, which is not recovered by PAT since the downstream
pressure is an established constraint, and it must guarantee the correct operation of the
water system.
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Figure 1. Hydraulic model layout.

A structured methodology was developed and executed in MATLAB Simulink. MAT-
LAB is desktop software with a programming language that expresses the mathematics
of matrices and arrays (vectors or arrays) directly. Simulink is one of the most important
MATLAB complements; it allows users to combine textual and graphical programming to
design systems in a simulation environment [37]. The tool searches the definition of the
signal parameters to define the number of machines operating, their rotational speed, and
the opening degree of the PRVs by reading the flow over time and the upstream pressure
when the main constraint (the downstream pressure) is known.

Methodology

Figure 2 shows the proposed methodology, which is composed of three main blocks:
A. Model preparation, B. Simulation of PAT system and hydraulic model, and C. Analysis
and presentation of results. Each block is divided into different sections that contain the
steps of the different developed actions.
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The first block (A. Model Preparation) is focused on the establishment of the input
parameters to develop the optimization operation of the recovery systems. Step I is focused
on the preselection of the pump working as a turbine. For development, the programmed
tool used two different databases. Firstly, the flow and upstream pressure, as well as the
downstream pressure (restriction to guarantee the service operation of the system), should
be known over time. The selection was developed using the methodology proposed by
Camilo Rosado et al. [38]. This methodology contains the following steps: (a) statistical
analysis of the data record (flow and upstream and downstream pressures) to define the
flow and head more representative of the series. This point will establish the future of both
flow and head at the best efficiency point of the machine (QBEPt and HBEPt); (b) calculation
of specific numbers in turbine mode (nst) and estimation of coefficients βQ and βH; (c) es-
timation of the best efficiency point (QBEPp, HBEPp) operating as a pump; (d) selection of
the pumps in manufacturer catalog; (e) calculation of specific number in pump mode (nsp);
(f) estimation of the characteristics of the equipment working in turbine mode, obtaining
QBEPt, HBEPt, and ηBEPt; and lastly, (g) validation if the preselected PAT meets the criteria of
(C ≤ 1).

Step II develops the initial configuration of the tool to be implemented in the MATLAB
algorithm. It defines the database established in step I and establishes the simulation time
steps. The following setup parameters are defined:

1. Parameters of the installed PATs: number of units installed, np (between 1 to 3);
nominal rotational speed, no (in rpm); minimum and maximum operating flows of
the equipment, Qmint and Qmaxt (in L/s), as well as the BEP (QBEPt, HBEPt, and ηBEPt).

2. The frequency inverter: where the minimum and maximum values of α are defined at
which the equipment can work (αmin and αmax).

3. The efficiency of the electric generator: the efficiency of the electric generator is defined
with a constant or variable value depending on the mechanical power of the output.

4. Limits for range determine maximum power: the values that will define the search
space (lower bound, lb and upper bound, ub) are defined.

5. Pressure Reducing Valves (PRVs): Enter the diameter, Diam (in mm), the valve curve,
and the flow coefficient with the valve fully open, Kvo (in m3/h/

√
Pa).

6. Relative fluid properties: where the density of the fluid is entered according to the
operating temperature (in kg/m3) and the acceleration of gravity (in m/s2).

The second block (B. Simulation and hydraulic model), which contains the simulation
of the PAT system and hydraulic model, is developed between steps III and VII. It considers
the optimization block to optimize the operation of the recovery system, maximizing the
generated power by compliance with the constraints (flow and downstream pressure). Five
sections comprise this block: B.1 flow allocation and number of equipment in operation
(step III); B.2 determination of the maximum efficiency for the installed PAT (step IV); B.3
calculation of the recovered head (step V); B.4 determination of maximum power (step VI);
B.5 calculation of head dissipated by the parallel PRV and the output PRV (steps VII
and VIII).

Step III establishes the operation conditions of the recovery systems considering the
constraints defined by Block A and determines the operating conditions under which the
simulation will be carried out at that moment. Defined the number of installed PATs (np),
this step establishes the flow range of the operation of PAT. The methodology considered
its strategy to estimate the operating flow (Qt) for each PAT and the number of machines
operating at each time (nf). The strategies proposed by [39] and the ratio between the
maximum and minimum flows of the equipment to be evaluated were taken as a reference,
obtaining two possible cases.

Qrt =
Qt

QBEPt

(1)

where Qrt is the ratio between Qt and QBEPt.
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The Qrt value is obtained using Equation (1). It will define the flow strategy to be
used with the equipment to be evaluated: 1. For a Qrt value < 0.50, the machine is not
operating, and the flow is bypassed for VRP. When Qrt > 2, the flow excess is also bypassed
by the VRP. When Qrt is between 0.5 and 2, the system establishes the regulation strategy
using the hydraulic machines. At the exit of this step, there is decision-making in which
it is verified that flow is not null (Qt > 0). If this condition is met, the order of the steps is
continued, with the next step being the determination of the maximum efficiency.

Otherwise, the next step is the calculations of the heads dissipated by the PRV, meaning
that the demanded flow is below the minimum operating flow of the PAT. When the flow
of each PAT is known, the procedure estimates the maximum possible efficiency that each
machine could reach. It is always sought to be able to work at the point of maximum
efficiency (BEP). This point is estimated using dimensionless curves, which were published
by Plua et al. [40], as illustrated in the following expressions:

h = −0.31070
(
α

Qt
QBEPt

)
+ 0.1958

(
Qt

QBEPt

)2
− 0.0118

(
Qt

QBEPt

)
− 0.06429α2 + 1.8489α − 0.2241 (2)

e = 0.8271
(
α

Qt
QBEPt

)
− 0.3187

(
Qt

QBEPt

)2
− 0.1758

(
Qt

QBEPt

)
− 1.035α2 + 1.1815α − 0.5019 (3)

Ref. [35] found a root mean square error (RMSE) lower than 0.2, and these equations
reduced the error values by between 30 and 50% compared with other published meth-
ods. The use of these equations enables the estimation of the characteristic curves of the
hydraulic machines considering the variable rotational speed.

Reorganizing Equation (3), it is possible to determine the efficiency that the PAT would
have at each moment, using the following expression:

ηt = ηBEPt

(
0.8271

(
α

Qt
QBEPt

)
− 0.3187

(
Qt

QBEPt

)2
− 0.1758

(
Qt

QBEPt

)
− 1.035α2 + 1.1815α − 0.5019

)
(4)

where h is the dimensionless ratio between recovered head and recovered head at the
point of maximum efficiency of the PAT; e is the dimensionless ratio between efficiency
and efficiency at the point of maximum efficiency of the PAT; Hrt is the head recovered by
the PAT (in m w.c.); HBEPt is the head recovered at the point of maximum efficiency (in
m w.c.); Qt is the flow rate turbinated by the machine (in L/s); QBEPt is the flow at the point
of maximum efficiency (in L/s); ηt is the efficiency of the PAT (in %); ηBEPt is the efficiency
of the machine at its optimum point (in %); and α is the rotational speed modifier set by
the frequency inverter.

The latter is defined by the ratio between n and no, in which no is the nominal rotational
speed of the machine in rpm and n is the rotational speed of the machine in rpm.

Step IV develops an iterative process, exploring the minimum speed of rotation
allowed up to the maximum. The turning speed enables the selection of the best process
based on which reaches the highest efficiency. Step V estimates the recovered head and
compares it with the net available head (Hn), which is the difference between the pressures
upstream and downstream of the evaluated point.

This pressure difference is a restriction of the model since it must guarantee the service
quality of the users. Rearranging Equation (2), the expression to determine the head
recovered at each moment is:

Hrt= HBEPt

(
−0.31070

(
α

Qt
QBEPt

)
+ 0.1958

(
Qt

QBEPt

)2
− 0.0118

(
Qt

QBEPt

)
− 0.06429α2 + 1.8489α − 0.2241

)
(5)

Hn= Pu − Pd (6)

where Hn is the net head available in m w.c.; Pu is the upstream pressure at the point (in
m w.c.), and Pd is the downstream pressure in m w.c.
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At the end of step V, it must be checked that the difference between Hn and Hrt
is equal to or greater than 0. If this condition is met, step VI is achieved, in which the
generated power is optimized, determining a new α value. It should be determined within
the established limits in step V. In step VI, a search range defined by the lower and upper
limits (lb, ub) is established, where the rotation speed obtained in the recovered head block
will be varied until the maximum power is obtained.

The optimization of the power tool enables the estimation of the mechanical power in
the axis (MP), the electrically generated power (EP), and the torque (T) in the axis by the
following expressions:

MP = γ ·Qt ·Hrt· ηt (7)

EP = MP · ηelec (8)

T =
30 ·MP

n π
(9)

where MP is the mechanical power of the machine in kW; γ is the specific weight of the
fluid in kN/m3; g is the acceleration of gravity in m/s2; Qt is the flow rate turbinated
by the machine in m3/s; Hrt is the head recovered by the machine (in m w.c.); ηt is the
efficiency of the PAT; EP is the electrical power generated by the generator in kW, and ηelec
is the efficiency of the generator [36], which depends on rotational speed and power; T is
the torque produced by the machine in Nm; and n is the rotational speed of the machine
affected in rpm.

Once the instantaneous head recovered by the machine is known, the energy dissipated
by the installed PRVs is calculated, in which one is in parallel with the PAT system, and the
other is connected cited in series, at the outlet of the supply, as represented in Figure 1.

Steps VII and VIII define the opening degree of both valves that guarantees the
downstream pressure restriction.

Finally, section C is focused on the analysis of results. Step IX develops an energy
analysis of the installation with the proposed equipment, and step X defines the selection
of final equipment, presentation of proposals, and report of results. These ten steps define
the main structure of the optimization machine tool.

At the end of this step, decision-making is presented, in which the subscript i of the
preselected machine that is being evaluated is verified, and it is compared with the value j
of the number of models obtained in the preselection. If they are different, the results of the
energy analysis are stored in memory; the value of i is increased, with i = i + 1, and returns
to step II, performing a new simulation with the next machine on the list. This means that j
different models must be evaluated, and the results obtained from each of these must be
stored in memory to be able to compare and select the machine.

3. Results
3.1. Case Study Description

The particular case study to which this methodology was applied is located in Valencia
(Spain). It is a supply system that distributes the supplied volume to different municipalities
using pressurized water systems. The possibility of installing energy-recovery systems
is proposed in the place of making an intermediate deposit to improve the sustainability
and efficiency indicators of the distribution system. The main reservoir, called Tank A, is
connected to the water network by a pipe. In this line, there is a reservoir, called Tank B,
that will enable the installation of the recovery system to take advantage of the potential
energy, installing the recovery system and supplying this generated energy in a pump
system, which is near tank B.

Figure 3 shows a schematic of the system between Tank A and Tank B. Their water
levels are 113 and 75 m, respectively. Both tanks would be connected by a steel pipe. The
length of this pipe is 1300 m, and the diameter is 1.4 m.
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Figure 3. The layout of the case study scenario. ∆H represents the net hydraulic jump available.

Table 1 shows the demanded flow (Qd), upstream pressure (Pu), and downstream
pressure (Pd) over time. The analysis only considered one day because the system connected
two deposits, and the flow is established between them.

Table 1. Data recovered from the case study.

Time Interval (∆t = 60 min) Qd (L/s) Pu (m w.c.) Pd (m w.c.)

00:00–01:00 749.03 88.53 52.71
01:00–02:00 684.59 89.67 53.82
02:00–03:00 672.70 89.89 54.03
03:00–04:00 619.79 90.87 54.99
04:00–05:00 655.86 90.19 54.33
05:00–06:00 936.02 85.52 49.79
06:00–07:00 1758.97 77.47 42.36
07:00–08:00 1896.68 76.95 41.98
08:00–09:00 1825.87 77.18 42.14
09:00–10:00 1851.91 77.09 42.08
10:00–11:00 1809.20 77.25 42.19
11:00–12:00 1745.49 77.53 42.41
12:00–13:00 1648.52 78.05 42.84
13:00–14:00 1816.76 77.22 42.17
14:00–15:00 1736.82 77.56 42.44
15:00–16:00 1597.23 78.38 43.12
16:00–17:00 1439.17 79.59 44.20
17:00–18:00 1477.33 79.27 43.91
18:00–19:00 1599.64 78.37 43.11
19:00–20:00 1700.32 77.76 42.60
20:00–21:00 1751.77 77.50 42.39
21:00–22:00 1449.60 79.50 44.12
22:00–23:00 1151.92 82.59 46.99
23:00–24:00 979.29 84.89 49.18

Minimum value 619.79 76.95 41.98
Maximum value 1896.68 90.87 54.99

Mean Value 1398.10 81.20 45.83
Standard Deviation 455.89 5.08 4.77

3.2. PAT Selection for the Case Study

Following the methodology proposed by Camilo Rosado et al. [36], for the selection
of the most suitable PAT for the installation, the following steps must be carried out:
(a) Statistical analysis of data record to determine QBEPt and HBEPt; (b) calculation of specific
numbers in turbine mode, nst and estimation of coefficients βQ and βH [37]; (c) calculation
of QBEPp and HBEPp using the coefficients from the previous step; (d) preselection of
equipment that meets the previously calculated Q–H operating point, along with obtaining
its optimal operating data; € calculation of specific number in pump mode, nsp, and
coefficients βQ, βH, and βη; (f) estimation of the characteristics of the equipment working
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in turbine mode, obtaining QBEPt, HBEPt, and ηBEPt; (g) calculation of C to verify that the
preselected machines meet the established criteria of (C ≤ 1) [18]. An additional step is
also included: (h) calculation of recovered energy for each preselected machine and final
PAT selection.

Once the steps before the preselection are completed, the characteristics of the prese-
lected machines are obtained, and the calculation of the flow and head error is carried out
using Equation (10). The criteria used for acceptance or rejection of the selection were based
on ellipse error. This ellipse, which was defined by [18], enables an error of +/−30% and
+/−10% in the major and minor axis (flow and head, respectively) of the ellipse compared
to the ideal selection point. It enables the determination of the C value, discarding the
preselected machines that do not match the criterium of C ≤ 1.

C2 =

(
1
2 (∆q + ∆h )

0.3

)2

+

(
1
2

√
∆q2 + ∆h2 − 2∆q∆h

0.1

)2

(10)

where C is the error coefficient of the estimated values; ∆q is the error of the estimated flow
concerning the selection flow; ∆h is the error of the estimated head for the selection head.

The results obtained from the preselected machines are presented in Table 2. Machine 3
was discarded for not meeting the error criterion, while machine 1 had an error very close
to that of the maximum allowable (Table 2). The different expressions used were validated
in other published research, which analyzed the different errors and validated them with
another case study [37,38]. The optimization tool used these expressions and methodology
to choose and operate the recovery systems.

Table 2. Preselected machines in turbine mode and value of C.

No. Manufacturer Model QBEPt(L/s) HBEPt
(m w.c.)

ηBEPt
(%)

nst
(m, kW)

∆q
(%)

∆h
(%) C

1 IDEAL 350–430 809.53 44.47 0.671 75.758 31.28 26.52 0.98
2 IDEAL 350–360 652.85 43.04 0.671 69.727 5.87 22.44 0.95
3 KSB 350–430 842.42 48.14 0.64 72.82 36.61 36.97 1.23
4 KSB 350–430 768.87 43.63 0.640 87.984 24.68 24.13 0.81

Figure 4a shows the results of the simulation with each machine, and the chosen
PAT is highlighted once the different blocks described in the methodology section were
programmed and integrated into the optimization tool (Figure 4b).

The selected machine was CPH 350–360 at 50 Hz from the manufacturer Bombas
IDEAL, which considered the criterion of maximum daily recovered energy. Once the PAT
group was selected, the characteristic was plotted for the nominal rotational according to the
expressions defined in the methodology section (Figure 4c). The curves were constructed
between the minimum and maximum flow ranges of the PAT.

The minimum operating flow was defined as the flow that resulted in the lowest head
recovered at nominal speed, and for this specific case, the maximum flow was obtained by
dividing the maximum inlet flow by the number of equipment installed. The recovered
head oscillated between 41.53 and 43.64 m w.c. and the efficiency of the hydraulic machine
was between 0.62 and 0.66.

To complete the optimization model (Figure 4b), the pressure-reducing valves to be
installed in each case must be selected. A valve, whose size was DN150, was installed in
parallel, and a valve, whose size was DN350, was installed in serial of the system. The
model was Hydrobloc KXG-BELGICAS, and the flow coefficient was 388 and 1389 (m3/h,
1 bar), respectively.
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To estimate the energy recovered by the recovery system, the efficiency of the electric
motor was considered in the optimization tool. This consideration can be incorporated as
a fixed value by [40], or the optimization model enables the definition of this efficiency
as a function of the rotational speed and resistive load of the system for isolated grid
systems [41]. This energy analysis considered a conservative value, defining the class
of generator as IE1 (Figure 4d). When the model considered a conservative value (IE1,
Figure 4d), the daily recovered head was 6911 kWh.

Otherwise, if the generator efficiency is considered variable as a function of the
rotational speed, the daily recovered energy increased by around 4%.

Figure 5a shows the operational flow of one machine during the entire simulation, in
which instants are observed. Each PAT works between 468 and 632 L/s, considering that
there are three machines connected in parallel. These machines operated with efficiency
values between 0.61 and 0.65, and the recovered head oscillated between 33 and 35 m w.c.

Figure 5b shows the variation of the rotational speed to optimize the generated power
over time. The rotational speed oscillated between 1229 and 1305 rpm over time. Figure 5c
shows the temporal evolution of the heads during the optimization. These show the
upstream (Pu) and downstream (Pd) pressures and the net head (Hn). Moreover, the figure
shows the Hrt value, which never exceeded the net head value. Figure 5d shows the
variation of the output torque value. It oscillates between 0.75 and 1.1 Nm over time, and
this value is needed when the optimization of the generator is considered. The power on
the shaft depends directly on the PAT’s efficiency and affects the electric motor efficiency,
as well as the power and energy recovered by the machine. The generated power for each
machine is between 107 and 145 kW.
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Figure 5e shows the hourly energy analysis of the recovered and dissipated energies.
The lowest recoverable energy value was 133 kWh, and it was recorded at 3 a.m., while the
highest value was 395 kWh and was located at 7 a.m.

Otherwise, most of the time, the recoverable energy values remained close to the
average value, which was 286 kWh. The daily recovered value was 7160 kWh, with an
average efficiency value of 0.61. The complete optimization simulation represented 27.33%
of the available energy, which was used to improve the efficiency ratio in the water system.
These results are aligned with research published in [40]. However, this research enables
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the discretized flow over time, developing the selection and regulation of the machine
under empirical expressions, which enables operation at the best point of the machine. This
research improved the selection of the machines according to these expressions, but it is
able to use any empirical expression, such as the equations proposed by [41].

Figure 5f shows the regulation strategy to guarantee the different operation points
(PFP). It defines the recovered head curves as a function of the flow for the different values
of α and their corresponding operating points for each of the PAT and their operating point
for 1, 2, and 3 machines operating, respectively.

The analysis of the figure established the set values for the optimization of the
hydraulic–electric regulation strategies. This set of regulations also defined the open-
ing degrees of pressure-reduction valves (PRV), both serial and parallel. This last valve
remained closed most of the time, and the highest degree of opening was 44.13%.

In the case of the serial PRV, it was always kept fully open because the recovery system
optimization guarantees the downstream pressure defined by the operation restrictions.

The analysis considered the operation of the machine under steady conditions. The
operation of the machine was not analyzed under unsteady conditions. However, when
the flow change in water systems, the variation of the pressure is not significant if the flow
does not totally stop. The operation and its consequences were analyzed by [42].

Figure 5 only shows an example of the operation with the optimization tool. The main
advantage of this optimized tool is focused on the selection, regulation, and definition
of the operation. The optimization procedure can choose the best machine and optimize
its regulation to maximize the recovered energy while only knowing the flow over time
and the downstream pressure constraint. It is a step ahead since the optimization tool
defines the rotational speed and torque at each moment. These two variables are crucial to
establishing the best electrical regulation when the machine is operating off-grid [43].

4. Conclusions

The lack of simulation and optimization tools for the management of recovery systems
shows the need to implement models that enable the optimization of these energy facilities
and the definition of setup regulation parameters for the electrical equipment. For this
reason, this research proposes the implementation of an optimization model using the
Simulink MATLAB code for its application.

This research defines an optimization strategy to establish the number of machines
operating at any given time, the rotational speed, and the opening degree of the different
PRVs to guarantee the hydraulic constraints of the system as well as maximize the recovered
energy over time. The novelty of this research is focused on the integration of empirical
methods, which could estimate the characteristic curves and optimize the operation and
selection of the machines based on flow over time, as well as the frequency of these
flows. The implementation tool is new and crucial to improving sustainability in water
distribution systems. The proposed methodology is limited in terms of communication with
the electronic regulation, which needs the output results of this methodology (i.e, torque
and rotational speed in the axis of the machine) to develop optimization linked to electric
loads and capacitance when the recovery system is installed off-grid. Future lines should
be focused on integrating electric and water optimization into one tool.

The optimization management tool was applied in a real case in Valencia (Spain),
and we showed the benefit of the model when variable flow occurs over time and under
different constraints in terms of upstream and downstream pressure. The tool could be
extrapolated for any water system when the water managers know the flow over time and
the values of upstream and downstream pressure of the system. The model includes a
preselection block to choose the pump necessary for operating as a turbine.

The implementation of hydraulic–electric regulation is a commitment to efficiency
and sustainability. It should be incorporated into pressurized water systems to increase
the generation of clean energy and improve the sustainability of the systems. The use of
green or clean energies by the use of renewable systems allows us to reach different targets
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linked to the sustainable development goals and demonstrate the good practices of water
managers in different supply systems.
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Abbreviation
Parameter Definition Units

Qd Demanded flow. L/s
Pu Upstream pressure. m w.c.
Pd Downstream pressure. m w.c.

QBEPt Flow at the best efficiency point (BEP) of the machine in turbine mode. L/s
HBEPt Recovered head at the best efficiency point (BEP) of the machine in turbine mode. m w.c.
ηBEPt Efficiency at the best efficiency point (BEP) of the machines in turbine mode. %
nst Specific number in turbine mode. m, kW
βQ Coefficient used to determine flow from the machine in turbine mode to pump mode. Dimensionless
βH Coefficient used to determine head from the machine in turbine mode to pump mode. Dimensionless

QBEPp Flow at the best efficiency point (BEP) of the machine in pump mode. L/s
HBEPp Head at the best efficiency point (BEP) of the machine in pump mode. m w.c.
ηBEP Efficiency at the best efficiency point (BEP) of the machines in pump mode. %
nsp Specific number in pump mode. m, kW

Qmint Minimum operating flow for the PAT. L/s
Qmaxt Maximum operating flow for the PAT. L/s

No Nominal rotational speed of the PAT. rpm
n Rotational speed of the PAT at a given moment. rpm
α Frequency inverter value setpoint for the rotational speed. %

αmin Minimum frequency inverter value setpoint. %
αmax Maximum frequency inverter value setpoint. %

lb Lower bound of the range for determining the maximum power. %
ub Upper bound of the range for determining the maximum power. %

Diam Pressure-reducing valve (PRV) diameter. mm
Kvo Flow coefficient for the valve while fully open. m3/h/

√
Pa

g Gravity acceleration. in m/s2

Qt Flow rate turbinated by the PAT. L/s
Qrt Ratio between turbinated flow and flow at the BEP in turbine mode. Dimensionless
h Ratio between recovered head and recovered head at the BEP in turbine mode. Dimensionless
e Ratio between efficiency and the efficiency at the BEP in turbine mode. Dimensionless

Hrt Head recovered by the PAT m w.c.
ηt Efficiency of the PAT %
Hn Net available head. Difference between upstream and downstream pressures. m w.c.
MP Mechanical power generated by the PAT. kW
EP Electrical power generated by the generator. kW
γ Specific weight of the fluid. kN/m3

ηelec Efficiency of the electrical generator. %
T Torque produced by the PAT. Nm
C Coefficient representing the error of the estimated values of q and h. Dimensionless
∆q Error of the estimated flow concerning the selection flow. %
∆h Error of the estimated head for the selection head. %
i Counter value used in the tool used for determining the number of PATs being evaluated. Dimensionless
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