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b Rural and Agrifood Engineering Department. Universitat Politècnica de València, Valencia 46022, Spain   
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A B S T R A C T   

The cities and townships should increase their sustainability to achieve the different targets, which are included 
in the sustainable development goals. The water distribution networks are present in urban areas. It implies the 
improvement of their management is key to reaching this sustainability. The water managers use different 
strategies to reach sustainable values in their facilities, searching for the reduction of the leakage volume. The 
proposed research develops a new methodology, which enables the self-calibration of leaks in water supply, 
knowing the injected flow and the consumed volume in the water networks. Besides, the proposed tool enabled 
the incorporation of the recovery systems to improve the energy efficiency of the network, increasing the use of 
renewable energies and reducing the leakages volume. These improvements affect positively the hydraulic ef-
ficiency of the system, and therefore, it improves the use of the water resources of the cities and reduces the cost 
for the citizens. The methodology was applied to a real case study located in Manta (Ecuador). The proposed 
procedure, which is optimized by two simulated annealing procedures inserted in an iterative procedure enables 
the decreased volume of the leakages above 120000 m3 and increased the annual generated renewable energy by 
34490 kWh, decreasing the emission of 969 tCO2 each year.   

1. Introduction 

Sustainability is key in the development of the improvement of the 
cities management, guaranteeing the supply and reducing the non- 
renewable resources (jing Niu and kai Feng, 2021). The use of new 
technologies to reduce the leakages volume is crucial since this lost 
volume is considerably high around the world. Its control is essential to 
meet the increasing water demand caused by rapid population growth 
and urbanization (Islam and Babel, 2013) towards smart water man-
agement cities (Bibri and Krogstie, 2017). Currently, water leaks in 
water networks are a worldwide problem. Water losses vary between 8 
and 24% in developed countries. These values oscillate between 15 and 
24% in recently industrialized countries and they are between 25 and 
45% in developed ones (Farley, 2001). In the United States and the 
United Kingdom, the leakages range is between 10% and 30% (Beuken 
et al., 2007). As another example, the lost volume by leakages is 37% in 
South Africa (Lambert, 2002), estimating the cost/value of water lost 
amounts to USD 39 billion per year (Liemberger and Wyatt, 2019). 

The leakages estimations could be developed by different methods 
applied in water distribution networks by operation strategies for their 
detection (Li et al., 2015). One of them is Torricelli’s theorem (Samir 
et al., 2017), which is dependent on pressure, orifice area and a 
discharge coefficient. Another commonly used method to determine 
leaked volume is FAVAD (Fixed and Variable Area Discharges) equation, 
this indicates that the cross-sectional area of some types of leaks (holes, 
breaks in tubes, joints or fittings) can also vary with pressure, while the 
flow velocity continues to vary with the square root of pressure 
(Schwaller et al., 2015). This method was applied to a real case in a 
water distribution network in Kwadabeka, South Africa (Deyi et al., 
2014). Another strategy was based on the FAVAD concept. It is the N1 
Power Law (Lambert et al., 2017). It increased its use since 1994 for 
practical assessment of pressure-dependent leakage in water distribution 
systems. Explains a study on the relationship between pressure and 
leakage, and guides equations for data analysis and prediction in indi-
vidual situations (Lambert, 2000). This method contains in its equation a 
leak coefficient C and the leak exponent N1 that has been evaluated in 
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different investigations and can vary from 0.5 to 2.3 depending on the 
material and type of failure (Ferraiuolo et al., 2020). 

The estimation of the leakage is not enough and the modelling is 
necessary to carry out the different simulations in the water distribution 
system. In this line, two different modellings were used by different 
authors. The minimum night flow was proposed by (Serafeim et al., 
2022). This method is the most popular for estimating real leaks, under 
the assumption that during the last hours of the night and the first hours 
of the morning consumption is minimal and pressure is high. (AL-Wa-
shali et al., 2018) established a minimum night flow analysis, which was 
carried out on a district metered area (DMA) in an intermittent supply 
system in Zarqa, Jordan. 

The other modelling concept was proposed by Canto Ríos et al. 
(2014) that showed the equations of the BABE (Burst and background 
estimates) method. This method enables the determination of the 
background losses and leaks, considering that the leaks occur along the 
pipe. Whatever method is used, most of the leaks can be avoided. 
However, there was an unavoidable part, even in new or well-managed 
water distribution networks (Lambert et al., 1999). In water distribution 
networks, leakage types have evolved into three categories namely re-
ported, unreported, and background leakage. Reported and unreported 

leakage are defined as burst or mains leakages and are caused by 
structural pipe failure (Adedeji et al., 2017). In this line, the researchers 
tried to reduce the leakages volume by management of the water dis-
tribution networks using pressure reduction valves (Schwaller and van 
Zyl, 2015). For example, the reduction from 39 to 31 m w.c. the daily 
water loss was reduced by 20.52%, respectively, and the average critical 
point pressure is reduced by 21.13% (Wu et al., 2013). 

The leakages reduction can develop using pressure reduction valves, 
which cause a positive impact on the hydraulic efficiency of the system 
but the behaviour is negative when the energy efficiency is evaluated 
(Gupta et al., 2017, Ferrarese et al., 2021) investigated the possibility to 
use green valve systems as a new smart and self-powered control device. 
This study was an ahead step to improving sustainability. It was aligned 
with other different studies that considered the use of pumps working as 
a turbine (PATs) in the water distribution network, replacing pressure 
reduction valves to reduce the reliance on non-renewable energy. In 
Kozani (Greece) (Patelis et al., 2017), the implementation of PATs 
enabled the reduction of leaks in values between 20 and 40%. The 
location and selection of PATs were proposed by Lima et al. (2017), 
replacing the pressure reduction valves. The optimization was based on 
maximizing recovered energy. The volumetric efficiency increased from 

Figure 1. Proposal of the optimization procedure.  
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0.7 to 0.9 and the annual recovered energy could be 169360 kWh. PSO 
algorithm was proposed to select the different PATs when the location is 
defined (Ebrahimi et al., 2021) reaching daily values of recovered en-
ergy equal to 182 kWh. A methodology was proposed to define scenarios 
and configurations for the improvement of hydraulic efficiency in water 
distribution systems. It was programmed on MATLAB Simulink (Rossi 
et al., 2019, Fecarotta and McNabola, 2017) focused on the optimal 
location of PATs to produce energy and reduce the leakages in water 
distribution networks. (Cimorelli et al., 2020) developed the optimal 
configuration of a chosen number of PATs, taking into account energy 
costs and volumes of water saved. (Nguyen et al., 2020) achieved a daily 
energy recovery of 1958 kWh, reducing almost half of the average excess 
pressure using an MINLP model. (Giudicianni et al., 2020) proposed an 
adaptive management framework for water distribution systems by 
reconfiguring the original network layout into dynamic district metered 
areas, improving the efficiency of the systems and showing an annual 
recovered energy potential of 19 MWh and leakage reduction of up to 
16%. In this sustainable line, different layouts for the installation of 
pumps used as turbines were analyzed and compared to a couple of 
pressure reduction and hydropower generation in water distribution 
networks, showing the environmental and technical implications (Fon-
tana et al., 2021), as well as social implications in which some authors 
developed a proposed mathematical algorithm (Latifi et al., 2021). It 
included a simulation model and optimization model based on different 
decision variables such as operational cost, customer satisfaction and 
reliability. The use of these new technologies enables the improvement 
of the leakage key performance indicators. It enables the evaluation of 
the theoretical state of the supply network through a series of criteria. 
(Grupo Especialista en Benchmarking y Evaluación del Desempeño de la 
IWA 2018). The IWA provides a series of indicators of water supply 
systems such as real water losses, water losses from household connec-
tions and the rate of leaks (Winarni, 2009, Ávila et al., 2021) enumer-
ated these sustainable indicators into three different groups: energy, 
economic and environmental indexes. 

Although different studies analyzed the improvement of the water 
management by PATs, this research proposes a new methodology. It is 
based on programming on Epanet Toolkit and the proposal enables the 
automatic calibration of the supply system when the consumed volume 
by users and the injected flow in the system are known. The method-
ology includes the development of the calibrated model, which is 
implemented by the methodology. It incorporates two simulated 
annealing procedures, which operate inserted in an iterative process 
working with discretized flows over time. This procedure allows water 
managers to locate the best position, choose the best machine and define 
the best strategy of the regulation based on different objective functions 
considering the leakages in the operation of the recovery system as well 
as its influence on the selection of the machines. As a novelty, the pro-
posed research not only makes the model self-calibrate, but it is also able 
to discretize the leakage volume in the different types. The method can 
be applied to meshed networks considering hourly values along year. 

2. Methodology 

The proposed optimization methodology is divided into four phases. 
Each one is operated by different steps, inputs and conditions that the 
model requires to be executed are observed. As a novelty, the proposed 
methodology includes a self-calibration of the model to define the fit 
pattern consumption as well as the leakages distribution. Besides, the 
programming algorithm includes the operation in a meshed network. 

2.1. Optimization stages 

Fig. 1 shows the steps to carry out the optimization process, these are 
Network model (A), Leakages calibration (B), Energy Balance (C), and 
Recovery Analysis (D). 

2.1.1. Network model 
The network model will be simulated using EPANET. The model 

requires six different inputs, which are: (i) Network topology (Input 1), 
which was obtained by the company management according to joints 
and pipes; (ii) Estimated demand base (Input 2). This demand was 
defined by the daily average flow considering the month of the 
maximum consumption; (iii) Annual consumption curves (Input 3) 
define the consumption curves, which are related to the weekly con-
sumption trend curves (Input 4). 

Input parameters are modified to define the network model. Input 2 
estimated the demand base guarantying positive pressure in the system 
and there are no hydraulic scenarios, which were incoherent. Input 5 
(hourly opening trend curves) and Input 6 (hourly fitting curves) were 
defined using the different registered volumes and flowmeters. Input 5 
considers uniform average leakage flow and seeks similarity to demand- 
only flow estimation. Input 6 develops iterations, which adjust the fitted 
coefficients to the hourly fitting values. Once the model is defined, it is 
verified if the monthly volumes are acceptable, and it will be ready to be 
calibrated in the next Block B. The proposal of the model estimated the 
roughness according to the material and lifetime of the pipes since the 
case study does not install pressure sensors in the water system. The 
proposed methodology could incorporate a preview calibration in Step A 
when these data are available and it will develop an iterative procedure 
to minimize the error between simulated and measured pressure similar 
to the procedure developed in leakages calibration. 

2.1.2. Leakages calibration 
The second step proposed for the calibration strategy considers the 

water leaks in the system. It is defined by considering information from 
the network such as the injected flow rate and consumption to establish 
a volume balance through the continuity equation (Step B.I). Once the 
leaked volume is known, the estimation of the volumetric efficiency is 
possible, using the following equations: 

ηL =
VL

VI
(1)  

ηM =
VM

VI
(2)  

where ηL is the leakage performance of the water system and ηM is the 
measured volume performance of the water system; VI is the injected 
volume in the network in m3; VM is the total measured volume by water 
meters in the consumption nodes in m3; and VL is the total leakage 
volume in the water system in m3. 

If there is a lack of information to know the volume of the leak, the 
methodology proposes a preliminary leak analysis (Step B.II). If the 
leakage and volumetric ratio are known, the proposal methodology goes 
to Step B.III. It developed the calibration model, which distributes the 
leaks in different ratios. 

These ratios are established according to apparent and real losses 
(Almandoz et al., 2005). Apparent leakages are considered in the con-
sumption joins while the real losses are defined in the pipes. Some 
inherent losses, such as cleaning discharges, and hydrants, are consid-
ered apparent losses according to (Almandoz et al., 2005). The dis-
cretization of these leakages enables the definition of the following 
ratios: 

ηAL =
VAL

VL
(3)  

ηRL =
VRL

VL
(4)  

where ηAL is the ratio between apparent and total leakages; VAL is the 
total volume of the apparent losses in m3; ηRL is the ratio between real 
leakages and total leakages; VRL is the total volume of the real losses in 
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m3. The apparent losses are the uncontrolled leakages in the water 
systems, which cannot be measured (Almandoz et al., 2005). 

Step B.II develops a series of simulations to obtain ranges of values 
and to define the different scenarios correctly. As the leak volume is 
unknown, the methodology assigned different leak parameters in the 
lines. The knowledge of these ratios enables the distribution of leakages 
in the model. It defines the different emitter coefficients in the different 
iterations. To establish the criteria as a function of the leakage type, the 
error is analysed between simulated and measured volume. The evalu-
ation of the leakage in lines is developed by the following expression: 

qL,ij = βj Lj
(
Pij

)N (5)  

where qL,ij is the leakage flow for the line at the time i; where βj is the 
leakage coefficient, which characterizes the pipe in terms of age, 
diameter, material, thickness, among others. In Step B.II, the model does 
not need to iterate since the used emitter coefficient in EPANET is: 

Kj = βj Lj (6)  

Pij is the average pressure in the line j at the time i; Lj is the length of the 
line j in meters; N is the leakage exponent; and Kj is the global emitter 
coefficient used. 

N and β variables are two leakage model parameters that represent 
the influence of some factors on the relationship between leakage and 
pressure. Parameter β represents the pipe deterioration over time, thus it 
depends on both pipe characteristics and various external factors like 
mainly the average pressure, but there are also others such as environ-
mental conditions or corrosion. In contrast, N is a function of pipe 
characteristics only (Adedeji et al., 2017, Laucelli and Meniconi, 2015). 
The value of β can be varied between 10− 4 and 10− 5 and N oscillates 
between 0.5 and 1.5. The model calibration enables the estimation of the 
ratio between real leaks and total leaks and N exponent (Ávila et al., 
2021). 

Step B.III develops the calibration leakages model. The calibration 
model distributes the leakages once the perfomances (i.e., ηAL, ηRL, and 
ηL) are known. The model considers the following equation to evaluate 
the leakage in each element (i.e., line or tap): 

qL,ij = Kj
(
Pij

)N (7)  

where qL,ij is the leakage flow for the element j (i.e., line or consumption 
point) at the time i; Pij is the pressure in the element j at the time i (if the 
element is a line, the chosen pressure is the average pressure value of the 
line - Pij = Pij-); N is the leakage exponent; and Kj is the global emitter 
coefficient. In this step the model determines the value of the global 
emitter coefficients assigned to lines and consumption points in different 
iterations, minimizing the error between simulated leakage volume and 
leakage volume of the water system. 

The leakage volume is defined using the following expression: 

VL,j =
∑i=T

i=1

(
qL,ijΔt

)
=

∑i=T

i=1

(
Kj
(
Pij

)NΔt
)

(8)  

where Δt is the interval time in s, VL,j is the leakage volume for the 
element in m3, assuming the Kj is constant in all annual simulations. It is 
defined by the following expression through an iterative procedure 

Kj =
VL,j

∑i=T
i=1

((
Pij

)N ⋅Δt
) (9) 

The model calibrates the system by estimating Kj. It considers all 
elements of the water systems have leakages, therefore, the total leakage 
volume is distributed in the system. The leakage volume of each element 
(VL,j) can be determined by the following expression: 

VL,j = δj VL = δj ηL VI (10)  

where δj is the distributed coefficient assigned to each element of the 
network. The addition of all distributed coefficients is equal to 1. δj is 
estimated by Eq. (11) when it is applied to lines and Eq. (12) when it is 
used in tap 

δj =
Lj

∑j=k
j=1

(
Lj
) (11)  

δj =
VT,j

∑j=m
j=1

(
VT,j

) (12)  

where Lj is the length of the line j in m; k is the number of lines of the 
model. It depends on the material of the line.; k is the number of pipes; 
VT,j is the total consumed volume of the consumption points (j), 
including both measured (invoiced) for consumption as well as the 
leakage volume (no invoiced); m is the number of consumption points of 
the model. 

Once the error is minimized, it should be verified if the KPI values are 
acceptable. If they are not acceptable, the hourly fitting curves (Input 8) 
should be used and the simulation and determination of the flow and 
pressures in pipes should be carried out again. The new fitting coeffi-
cient applied to all consumption nodes is defined by the following 
equation: 

ki = ki,0
Qi,observed − Qi,leakage

Qi,simulated − Qi,leakage
(13)  

where ki is the new fitting parameter at time i, ki,0 is the ratio between 
Qi,consumed,0 and Qi,simulated,0. It is used as a fitting coefficient in all con-
sumption nodes; Qi,consumed,0 is the estimated flow, which is consumed at 
the time i and it is defined by the difference between observed flow 
(Qi,observed) and average leakages flow (Qleakage,0); Qi,simulated,0 is the 
simulated flow when the leakages are not considered in the simulated 
model. 

This calibration is developed using the EPANET toolkit (Rossman, 
1999) to calibrate the leakage model (Step B.III). When the key per-
formance indicators (KPIs) show acceptable values, the leak calibration 
ends, and the model is ready for energy balance. The used KPIs were bias 
percentage (PBIAS), Mean Relative Deviation (MRD), Root Mean Square 
Error (RMSE) and Mean Absolute Deviation (MAD).  

1 PBIAS measures the tendency of the simulated values and establishes 
if the obtained values in the model are smaller or larger than the 
registered values. If PBIAS is less than zero, the proposed model 
overestimates the considered variable; if it shows positive values, it 
indicates the variable is underestimated, and finally, if the PBIAS 
value is zero, it indicates the model is optimal. PBIAS is defined by 
the following expression: 

PBIAS(%) =

∑N
i=1(Oi − Pi)
∑N

i=1Oi
⋅100 (14)   

where Oi are the registered values; Pi the experimental values and N the 
number of observations. 

When PBIAS is lower than +/-10% the fitness is considered very 
good. If the PBIAS values are between +/-10 and +/-15%, the fitness is 
good. When the PBIAS value is between +/-15% and +/-25% the fitness 
is satisfactory and if it is higher than +/-25% it is considered unsatis-
factory (Moriasi et al., 2007).  

1 MRD. considers the weight of the error to the variable value. If MRD 
is zero, this value indicates a perfect fit. It is defined by the following 
expression: 
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MRD =
∑N

i=1

|Oi − Pi|/Pi

N
(15)    

2 RMSE is the index, which measures the error between the simulated 
values and recorded values. When RMSE is zero, this value indicates 
a perfect fit. It is defined by the following expression: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1[Oi − Pi]
2

N

√

(16)   

3 MAD shows the absolute differences between simulated and recor-
ded values. The perfect fit is defined when MAD is zero, and it is 
defined by the following expression: 

MAD =
∑N

i=1

|Oi − Pi|

N
(17)   

2.1.3. Energy Balance 
Energy balance is crucial to estimate the distribution of the supplied 

energy in the different energy terms (i.e., required energy, losses, among 
others) (del Teso et al., 2019). When the energy balance is developed, 
the discretization of the different energy terms related to the pressure 
excess is possible. In this step the water managers can difference the 
terms for the available energy between the theoretically recoverable 
energy and the theoretically non-recoverable energy, considering the 
pressure and the minimum consumption at each point of consumption 
(Input 10) (Pérez-Sánchez et al., 2017). 

The energy balance will allow us to estimate the recovered height of 
each flow over time, this would be the data pair (Q, H), managing to 
select the most appropriate machine at each study point (Input 11). 
Table 1 summarizes the different expressions to consider the energy 
balance. 

(ETJ ) It is the total potential energy supplied to the system when it is 
not being consumed from the network.; (EFRJ ) energy that is dissipated 
in the network from the point of departure to the point of consumption; 
(ETNJ ) minimum energy required in the system to ensure that the min-
imum pressure established at the most unfavourable point of the 

network is met; (ERSJ ) it is the energy, for a time interval, necessary for 
the minimum pressure restriction to be fulfilled at a point; (ETAJ ) for a 
time interval, it is the energy that is theoretically available to be 
recovered in a line; (ETRJ ) is the maximum amount of theoretically 
recoverable energy at a point of consumption; (ETRmj ) energy that cannot 
be recovered in the network; Zi is the geometric height above the 
reference plane of the point of consumption; Zo is the geometric height 
above the reference plane of the free surface of the water in the tank that 
supplies the system in m; γ is the specific weight of the fluid in kN/m3; Qj 

is the circulating flow; Pj is the pressure at a point; Pmin is the minimum 
pressure that can exist at the point of consumption; Hi is the head level of 
the reservoir in m w.c.; ηi the efficiency of the recovery system for this 
flow Qj (Rosado et al., 2020). 

2.1.4. Recovery Analysis 
The final block is defined by the recovery analysis. The objective of 

this phase is to determine the optimal location of the energy recovery 
points and the optimal definition of regulation strategies from a PATs 
database. In this section, a double annealing simulation procedure is 
carried out. The energy recovery analysis has two phases, called D.I 
Location Optimization and D.II Selection Optimization. 

The location optimization process begins with the definition of the 
optimization functions, these objective functions are defined under (i) 
energy, (ii) hydraulic and (iii) economic criteria. These objective func-
tions were the maximization of the theoretical recoverable energy 
(OF1 = ETR), the reduction of leaks in the distribution network (OF2 =

ΔVL); and the Levelized Cost of Energy (OF3=LCOE). This function only 
takes into account expenses (initial investment and annual costs) and it 
does not depend on energy prices. 

OF3 =
ICT

0 +
∑i=T

i=1
ACT

i
(1+k)i

∑i=t
i=1

ET
i

(1+k)i

(25)  

where ICT
0 is the initial investment in € in the year 0, considering the 

electric line to reach the supply points; ACT
i is the operation and main-

tenance costs in € for the year i; ET
i is the annual recovered energy in 

kWh for the year i; T is the lifecycle in years, considering 25 years; k is 
the discount rate using a sensitivity analysis between 0.01 and 0.1. 

The research presented in (Pérez-Sánchez et al., 2018) proposed a 
methodology for maximizing energy recovery, assigning PATs in water 
networks through simulated annealing techniques for different objective 
functions and some machines. This heuristic search algorithm is based 
on the analogy with the physical process of annealing metals. The al-
gorithm searches for the best locations for the recovery systems based on 
the defined objective functions as well as the number of recovery sys-
tems established. PATs were simulated on EPANET as a general-purpose 
valve in which the BEH, BPH or operational curve was defined in each 
iteration by EPANET Toolkit. The analyzis was develoed considering an 
simulation, which a demand dependent analysis (Rossman, 1999), 
therefore the demand is not dependent on the pressure but the leakages 
is influenced by pressure values. 

The procedure requires defining the number of iterations and 
assigning control parameters to characterize the simulated annealing 
process. These parameters are the initial temperature (Ti); the final 
temperature (Tf ); the cooling rate (αc); and the number of transitions 
(L0) in each temperature step. These parameters are fixed according to a 
sensitivity analysis previously performed and they are changed 
depending on the objective maximized function (Ávila et al., 2021). 
Once the control parameters have been defined, the maximum number 
of recovery systems (N) is determined. The procedure must consider the 
generation of the initial configuration. The methodology considers two 
recovery systems (m) in the first two elements of the list initially. A new 
combination between different elements for each value of the recovery 
system (m) is developed by the annealing procedure. Subsequently, the 

Table 1 
Equations to define the annual energy balance in kWh.  

Type Equation ID 

Total Energy (ETJ )

γQj(zo − zi) (18)   

Friction Energy (EFRJ )

γQj
(
zo − (zj +Pj

)
(19)   

Theoretical Energy Necessary (ETNJ )

γQjPminj (20)   

Energy Required (ERSJ )

γQjPminSj (21)   

Theoretical Available Energy (ETAJ )

γQj
(
Pj − Pminj

)
(22)   

Theorical Recoverable Energy (ETRJ )

γQj
(
Pj − max

(
Pminj;PminSj

))
(23)   

Theorical Recoverable Energy (ETRmj )

γQjηiHi (24)      
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optimization process establishes the best location and operating points 
for this value m. Finally, the result of this stage is to know the optimal 
configuration of the recovery system to start the last stage of this 
methodology, the selection optimization. 

When step D.I is run and the location is chosen, the second phase (D. 
II) starts developing an optimized selection of the hydraulic machine. It 
consists of searching for the selection of the number of machines to be 
installed and the best regulation strategy according to the defined var-
iables. These are defined based on the specific speed (ηst), head and 
discharge number. These values enable the calculation of dimensionless 
parameters. To select the machine, the best efficiency point (BEP) from 
the database of 110 PATs is used. The definition of the operational 
curves is established according to the proposed methodology by 
Pérez-Sánchez et al. (2020). The knowledge of the characteristic curves 
implies the possibility to define the best regulation strategy considering 
the rotational variation speed and therefore, the methodology optimizes 
the key operation according to best efficiency head (BEH), best power 
head (BPH), Nominal Rotation (NR) or best power flow (BPF) according 
to the proposed method by Macías Ávila et al. (2021). 

The success of the methodology requires an additional internal 
annealing simulation procedure, since the optimization process evalu-
ates many combinations, such as (i) the possibility of using a different 
number of machines that could be installed in series or parallel; (ii) 
regulation strategies; (iii) and different numbers of possible recovery 
systems to be installed on the network. As a novelty, the methodology 
was modified to work in a meshed network. It involved the development 
of an internal iterative procedure to define the best machine and its 
regulation, once the located line was established. This iterative pro-
cedure is delimited as a function of the error value between iterations, 
considering both leakage reduction and recovered energy. 

2.2. Case Study. Manta (Ecuador) water distribution system 

The proposed methodology was applied to the case study of the city 
of Manta, Ecuador. The model of the water supply network is shown in 
Fig. 2a. The drinking water network that supplies 110 neighbourhoods 
in the city of Manta, provides the flow from a reservoir, which its level is 
65 m. There is a flowmeter and it is installed in the main pipe and its 
main function is the measure the flow supplied to the system. Fig. 2b 
shows the red dots, which represent different consumption nodes. The 
topology of the network, the height and consumption of the different 
junctions, the consumption patterns, the recorded values of the flow-
meter and the recording of the meters, which are recorded each month. 
All data are referred to as 2021. The model was developed using EPA-
NET software, using 832 nodes, 875 lines and 1707 virtual leakages 
nodes. It was established an hourly consumption pattern to develop an 
hourly energy analysis and water volume evaluation in terms of 
leakages. 

Fig. 2c shows the orography of the study area using a contour map of 
the heights of the network. The highest point is in the reservoir, while 

Figure 2. Characteristics of the hydraulic network of Manta. (a) Hydraulic network; (b) Network junctions and users; (c) Height difference in the network; (d) Pipe 
diameters and locations of two recovery systems. 

Table 2 
Network study data.  

Network data and study area Value 

Area coverage 1991 ha 
Population served (estimated) 100000 
Number of metered properties 23885 
Total pipe length 65 km 
Average daily pressure (2021), estimated by Renaud et al. (2012) 35.14 m 
Nonrevenue water (January and February) 43% 
Junctions 832 
Pipes 875 
Maximum level difference 59 m 
Diameter range 59 – 581mm 
Pipe materials PVC  
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the lowest is in the branches of the network. The material of the pipes is 
polyvinyl chloride (PVC). The pipe diameters of the network are shown 
in Fig. 2d. These diameters vary from 581mm in the main branches to 
59mm in the secondary ones. Table 2 shows the main data of the case 
study as well as the characteristics of the hydraulic network. 

The network is supplied through a tank, this contains a flow meter in 
its discharge with flow data every fifteen minutes. This study used 
recorded values for January and February 2021. Both months showed a 
similar flow trend since the climatic conditions are similar over time and 
the city is not touristic, being constant the number of citizens. The 
maximum registered flow supplied to the network was 543 l/s, the 
minimum flow was 92 l/s and the average flow was 231 l/s when 
January was analyzed. When February is analyzed, the maximum flow 
was 632 l/s, the minimum flow was 91 l/s and the average flow was 246 
l/s. 

Fig. 3 shows the consumption data provided by the management 
company for the year 2021. The average daily consumption for each of 
the months of the year varies from 10011 to 12005 m3. The consumed 
volume is the highest in January and it is the lowest in November. 

Fig. 3a shows the daily variation of the water pattern consumption. 
The highest value was located between 5 and 7 am. Besides, there was a 
peak between 8 and 10 pm. The lowest value was located between 12 am 
and 3 am. The monthly recorded volume in the network varied between 
303782 and 372168 m3 (Fig. 3b). If the injected volume in the network 
is analyzed, this annual volume was 6925926 m3, and the recorded 
volume was 3947778 m3. In this case, the leak percentage was equal to 
43% and the average leakage flow was 92.61 l/s. 

3. Results 

The analysis to discretize leakages between apparent and real losses 
was developed as a first step, once the model was established. The dis-
cretization of the leaks was necessary to calibrate the model. Knowing 

the registered volume by counters and the registered volume by the 
installed flowmeter in the mainline, seven hypotheses were developed in 
the sensitivity analysis establishing differences between real and 
apparent losses. Each hypothesis is defined in Figures from 4a to 4d. 

It is identified by Hx(y;z) in which “x” is the number of the hy-
pothesis, “y” is the weight of the apparent losses and “z” is the weight of 
the real losses. This analysis was considered for the different error in-
dexes defined in the methodology. Previously in Step B.II, a first cali-
bration of the α coefficient was established considering the leakages 
(43%). This value was 0.65 since all values of β coefficient, which 
oscillate between 10− 5 and 10− 4 are lower than the limit of leaks 
percentage. 

Fig. 4a shows the results when PBIAS was analysed for the different 
seven hypotheses, considering six different time intervals. The PBIAS 
value was between 5.274 and 5.554 for the different 42 scenarios. All 
cases showed excellent fit according to Moriasi et al. (2007). To simulate 
the definitive model, H4 was chosen since it showed the lowest PBIAS 
value. H4 also showed the best values for the rest of KPIs. Finally, an 
hourly interval was chosen to develop the simulation. RMSE, MAD and 
MRD were also established for the different scenarios. If the hourly in-
terval is analysed, RMSE was 42.6 (Fig. 4c), MAD was 17.36 (Fig. 4d) 
and the MRD was 0.118 (Fig. 4b). This calibrated model showed the 
following error between simulated and registered volume (Table 3). The 
error was defined by the following expression: 

εV =

(
Vsimulated − Vregistered)

Vregistered
⋅100 (26) 

Fig. 4e shows the example of the visual trend between registered and 
simulated flow in the calibrated model, which used H4 to establish the 
apparent and real losses and was used to develop the energy balance and 
the optimization procedure. Table 3 shows the monthly error between 
the registered and simulated volume. These errors were below 1.5% in 
all months, considering an average annual error equal to 0.55%. A 

Figure 3. (a) Daily consumption pattern (Qm is the average flow) (m3); (b) Data of the recorded volume of the network in the year 2021.  
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double calibration is performed. The first calibration takes place in Step 
A, and consists of comparing the monthly and annual volumes observed 
in the user meters with a hydraulic model that only takes into account 
the demand (without leaks). The second calibration is performed in Step 
B. It consists of comparing the observed values of the main flowmeter for 
January and February with the hydraulic model that takes into account 
leakage. For each calibration, the different inputs are modified mini-
mizing the errors and finally determining the hypothesis of weight dis-
tribution for real and apparent leakage that minimizes the values for the 
KPIs. 

The first optimization procedure established the best lines to install 
recovery systems as a function of the objective function. The optimiza-
tion worked using minimum pressure, which must be guaranteed in any 
scenario. 

Table 4 shows the chosen lines according to the three different 
objective functions. This first optimization procedure enabled the 

definition of the best location, the energy and leakages volume are 
further compared with the final values when the machines will be 
selected. When the case study was analysed using the OF1, the theo-
retical annual recovered energy oscillated between 47507 and 104123 
kWh depending on the used recovery systems (Fig. 5a). The leak 
reduction varied from 206792 to 379652 m3 (Fig. 5b) and LCOE value 
from 0.186 to 0.264 €/kWh (Fig. 5c). In all cases, the incorporation of 
the new lines to install the recovery system influenced the variation of 
the variable by around 30% when the second recovery system was 
added. A similar trend showed the incorporation of the fifth unit, which 
increased or reduced the variable by around 10%. When OF2 and OF3 
were analysed in this D.I step, the results were similar but the lines were 
different. 

Finally, the chosen OF was the OF1 because it shows similar leakage 
reduction values and the LCOE values were acceptable to focus the se-
lection of the machine in those lines where the recovered energy will be 

Figure 4. (a) Calibration leakages considering PBIAS value; (b) Calibration leakages considering MRD values; (c) Calibration leakages considering RMSE; (d) 
Calibration leakages considering MAD; (e) Comparison between observed flow and simulated values when the model was calibrated. Example of one week. 
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higher. However, any OF could be chosen to develop the D.II step, 
comparing the results. 

Fig. 5 shows the information shown in Table 4 in terms of energy 
(Fig. 5a), Leakage reduction (Fig. 5b), LCOE values (Fig. 5c) and 
generated power (Fig. 5d). These figures show the results obtained in the 
optimization grouped by OF according to the number of lines installed 
and the pumps operating as turbines. 

Fig. 5a shows the increase of recovered energy when the number of 
recovery systems increases for any objective function (OF). The increase 
is linear for any OF. Fig. 5b shows the increase of the leakages reduction, 
which is directly proportional as a function of the number of installed 
recovery systems from 1 line to 5 lines. Besides, it shows the high in-
crease in the reduction when the number of recovery lines was four 
considering OF3. Fig. 5c shows the LCOE values oscillated between 0.16 
and 0.3 €/kWh in the three OFs while the generated power oscillated 
between 7 and 25 kW as a function of the recovery systems considered in 
the optimization when OF1 and OF2 were considered. This generated 
power was lower when OF3 was analyzed in which it varied between 3 
and 22 kW. 

For example, Tables 5 and 6 show the results when the iterative 
procedure was applied by simulated annealing methodology to choose 
the best machine. Table 5 shows the results when a recovery system was 
only used. In this case, the line, called 10615 was used. The procedure 
needed five iterations applying the simulated annealing procedure to 
reach the best solution in terms of the type of machine to select (specific 
velocity, nst ; the number of machines operating in parallel, Nm; impeller 
diameter, D; and rotational speed). In this case, the used machine was 
radial, using three different machines connected in parallel, its best ef-
ficiency point (BEP) was 62.64 l/s and 15.95 m w.c. The recovery system 
was regulated operating in nominal rotational speed (NR) and the 
annual recovered energy was 23625 kWh approximately. This configu-
ration showed an annual leakage reduction of 96726 m3. If the 

Table 3 
The error between registered and simulated volume, considering H4 in the 
mainline of the water system.  

Month Registered Volume 
(m3) 

Simulated Volume 
(m3) 

Error  
(%) 

January 372168 369734.02 -0.65% 
February 311329 309521.17 -0.58% 
March 327354 324714.44 -0.81% 
April 325230 321086.32 -1.27% 
May 353607 352251.86 -0.38% 
June 330395 329607.30 -0.24% 
July 335415 333407.18 -0.60% 
Agost 324746 323471.30 -0.39% 
September 312938 311696.57 -0.40% 
Octuber 310334 309808.83 -0.17% 
November 303782 300630.52 -1.04% 
December 340479.5 340115.43 -0.11% 
Annual 3947777.5 3926044.94 -0.55%  

Table 4 
Preliminary results when D.I step is defined to locate the best line.  

OF Line 1 Line 2 Line 3 Line 4 Line 5 E 
(kWh) 

Leakages  
Reduction  
(m3) 

LCOE 
(€/kWh) 

P 
(kW) 

OF1 10615     47507 206792 0.186 8.18 
OF1 10615 10610    66163 282333 0.216 12.15 
OF1 10026 10222 10610   83355 313553 0.206 14.88 
OF1 10026 10610 10615 10618  94069 350492 0.244 19.58 
OF1 10026 10208 10222 10610 10618 104123 379652 0.264 24.42 
OF2 10620     46250 210204 0.190 8.05 
OF2 10620 10591    62789 289398 0.228 12.19 
OF2 10227 10591 10615   70839 339118 0.307 16.94 
OF2 10013 10266 10591 10620  86843 375039 0.262 20.14 
OF2 10013 10266 10591 10620 10663 96533 409669 0.294 24.62 
OF3 10942     18173 36206 0.163 2.88 
OF3 10222 10794    43432 119888 0.207 8.28 
OF3 10013 10266 10971   57209 199560 0.204 11.51 
OF3 10013 10266 10620 10942  83387 341547 0.227 17.79 
OF3 10224 10237 10708 10794 10971 89506 325469 0.242 21.23  

Figure 5. (a) Annual recovered energy; (b) Leakages reduction; (c) LCOE values; (d) Generated power  
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difference between the last iterations is analyzed the energy and leakage 
reduction was 0.22 a 0.38%, respectively, therefore, the recovery system 
was established when the methodology stopped. The final energy and 
leakages values decreased by 50% compared with the preliminary 
simulated annealing (Table 4), which is considered the ideal machine to 
operate in the system. 

Table 6 shows the results when two recovery system was analyzed. In 
this case, lines 10615 and 10610 were optimized as a function of the 
results shown in Table 4 when the OF1 was analyzed. The use of two 
recovery systems showed the variation of the typology of the machine as 
well as the BEP of these machines varied until reached the fifth iteration 
in the optimized procedure. 

The selected machines were defined by a specific value of 23.51 and 
31.63 rpm (m, kW) for lines 10615 and 10610 respectively. The BEP 
defined in the database was 42.28 l/s and 22.98 m w.c. for line 10615. 
When line 10610 was optimized, the BEP was 37.12 l/s and 7.58 m w.c. 
In both cases, the strategy of the regulation was the best efficiency head 
(BEH) and the number of used machines in parallel was three. The final 
annual recovered energy was 34490 kWh. This value was 52.4% of the 
estimated energy in the first optimization procedure to choose the best 
location (Table 4). When the leakage value was observed, its reduction 
was 120246 m3 (42.58 % compared to the maximum reduction using 
simulated annealing in ideal conditions in Table 4, Step D.I) 

The LCOE values were feasible in both cases according to feasible 
limits defined by (Lugauer et al., 2021). When one recovery machine 
was analyzed the LCOE value was 0.157 €/m3. If two recovery systems 

Table 5 
Optimized results when the methodology is considered using a recovery system 
alone.  

Iteration 1 2 3 4 5 
Configuration 1 1 1 1 1 
Line 10615 10615 10615 10615 10615 
ID 128 128 128 128 128 
nst (rpm) [m, 

kW] 
23.51 23.51 23.51 23.51 23.51 

Nm 3 3 3 3 3 
D(mm) 400 400 400 400 400 
N (rpm) 750 750 750 750 750 
QBEP(l/s) 62.64 62.64 62.64 62.64 62.64 
HBEP(m w.c.) 15.95 15.95 15.95 15.95 15.95 
SR (Strategy 

Regulation) 
NR NR NR NR NR 

Annual 
ETR(kWh) 

52491.91 23746.4 23565.06 23572.44 23624.93 

Leakage 
reduction (m3) 

96102.9 96567.19 96722.75 96358.64 96725.92 

LCOE (€/m3) 0.233 0.1605 0.1659 0.1678 0.1574 
P (kW) 14.83 14.98 15.95 16.42 14.04 
Energy 

difference (%)  
54.76% 0.76% -0.03% -0.22% 

Leakage 
reduction 
difference (%)  

-0.48% -0.16% 0.38% -0.38%  

Table 6 
Optimized results when methodology is considered using two recovery systems.  

Iteration 1 2 3 4 5 6 
Configuration 2 2 2 2 2 2 
Line 10615 10610 10615 10610 10615 10610 10615 10610 10615 10610 10615 10610 
ID 49 30 128 30 83 54 83 54 83 54 83 54 
nst (rpm) [m, kW] 26.68 18.58 23.51 18.58 23.51 31.63 23.51 31.63 23.51 31.63 23.51 31.63 
Nm 3 3 3 3 3 3 3 3 3 3 3 3 
D(mm) 300 300 400 300 300 300 300 300 300 300 300 300 
N (rpm) 750 750 750 750 1200 750 1200 750 1200 750 1200 750 
QBEP(l/s) 53.612 23.31 62.64 23.31 42.28 37.12 42.28 37.12 42.28 37.12 42.28 37.12 
HBEP(m w.c.) 12.154 11.3 15.95 11.3 22.98 7.58 22.98 7.58 22.98 7.58 22.98 7.58 
SR (Strategy Regulation) BEH NR NR NR BEH BEH BEH BEH BEH BEH BEH BEH 
Annual ETR(kWh) 62317.2 41832.661 41279.3 29911.87 35483.76 34490.44 
Leakage reduction (m3) 131251.72 115013.23 128828.66 124425.54 122949.00 120245.8 
LCOE (€/m3) 0.271 0.201 0.22 0.337 0.286 0.189 
P (kW) 19.25 28.62 22.63 62.11 63.87 26.66 
Energy difference (%)   32.87% 1.32% 27.54% -18.63% 2.80% 
Leakage reduction difference (%)   12.37% -12.01% 3.42% 1.19% 2.20%  

Figure 6. (a) Iteration solution when a recovery system was installed. (b) Iteration solution when two recovery systems were analysed.  
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are installed, this value was 0.189 €/m3. Fig. 6a shows the results related 
to Table 5 when a recovery system was analyzed in the water network as 
a function of the specific speed of the machine. The figure shows the best 
solution compared with the available ratios. These ratios were energy 
ratio (βE), which defines the ratio between the recovered energy be-
tween maximum recovered energy, the LCOE ratio (βLCOE), which de-
fines the ratio between LCOE and minimum LCOE and Leakages ratio 
(βL), which defines the ratio between the reduction leakages and 
maximum reduction leakages. Fig. 5a shows this interaction in the best 
solution reaching an energy ratio of 0.78, βL = 0.92 and βLCOE = 1.5. 

Fig. 6b shows the integration of the best solution when two recovery 
systems were analysed in which the results are linked to Table 6. The 
figure shows the best solution is located on the best hill on the contour 
map. This case shows the interaction between βEβL and the βLCOE, 
reaching values of 0.8 and 1.1 respectively. Both figures showed the 
proposed methodology of the optimization established the best solution 

possible considering the available database of PATs and the constraints 
of the water system. The proposed solution implied a reduction of 96726 
and 120246 m3 when one or two recovery systems were analysed 
respectively. The average pressures were calculated according to 
Renaud et al. (2012), using a hydraulic model and weighting according 
to node elevations. The maximum pressure was 37.98, 37.59 and 38.56 
m w.c. for the initial situation, one recovery system and two recovery 
systems, respectively. The minimum pressure values were 12.99, 10.78 
and 11.47 m w.c. for the initial situation, one recovery system and two 
recovery systems, respectively. The average pressure en in the system 
when initial situation, one recovery system and two recovery systems 
were analysed, they were 35.15, 33.86, 33.61 m w.c., respectively. 

Fig. 7 shows the variation of the pressure over time. It shows a 
monthly example between 15th January and 15th February for the 
initial situation of the water system, the scenario of the model consid-
ering one recovery system installed in the model and the second 

Figure 7. (a) Average daily pressure. (b) Average hourly pressure range for the initial situation; (c) Average hourly pressure range for one recovery system; (d) 
Average hourly pressure range for one recovery system. 
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scenario, which analysed the installation of the two recovery systems. 
The inclusion of these new technologies implied the improvement of 

the different indicators. In this sense, different indicators were used to 
show the variation of these indicators in the different iterations and the 
final decision of the optimization procedure. The results are shown in 
Table 8. 

Both economical, energy and environmental indicators improved. 
Therefore, the inclusion of the use of green recovery systems improves 
the management of the supply systems and it contributes to increasing 
the sustainability of the cities. Interesting results are shown in Table 4 
and they are very interesting from the point of view of reducing water 
losses, although IRLGP is lower. It is mainly because the increase in 
power is greater than the increase in leakage reduction. For example, 
when two recovery systems were analyzed, the power increases by 
almost 50% while the increase in leakage reduction is only 25%, so the 
IRLGP index is lower. 

4. Conclusions 

The improvement of the sustainability of the water distribution 
networks is key to achieving the different sustainable development 
goals. This challenge should be confronted by water managers of the 
cities to increase the efficiency, sustainability and reach of the different 
targets of the 2030 Agenda. 

This research proposes a new strategy to improve the location of 
green energy recovery systems in the water distribution system. This 
proposal established an optimization procedure based on discretized 
hourly analysis along year. The methodology integrated different 
simulated annealing strategies to locate, select and regulated the best 
hydraulic machine as a function of the recovered energy, leakages 
reduction and economical terms (LCOE values) in a meshed network. As 
a novelty, the proposal also included a self-calibration, which enables 
the definition of a model characterizing the consumed volume, real 
leakages and apparent leakages of the network based on injected flow 
and consumption recorded by the water company. 

The methodology was implemented in a real case study located in 
Manta (Ecuador). The methodology used the recorded data for the year 
2021 to analyse the behaviour of the system when green energy recovery 
systems are implemented in the system. The analysis showed the real 
possibility to recover energy by improving the performance indicators of 
the water system. The analysis showed the annual reduction of leakages 
could be more than 120000 m3. When the ratio between reduction of the 
leakage volume for each installed power (IRLGP index) was estimated, it 
was equal to 4510 m3/kW. The proposed methodology is limited in the 
consideration of the monthly consumed volume to calibrate the leak-
ages. This limitation could be adapted for calibrating the leakages ac-
cording to flow over time in future developments if the water systems 
had installed remote meter reading systems to increase the number of 
recording users (e.g., daily or hourly) and more flow meters in the 
network that could sectorize and discretize it in the analysis. 

The use of similar methodologies enable the development of a 
database of sustainable indicators, and therefore, the different hydraulic 
system could be classified and compared with each other. Access to this 
information will be rewarding for other water managers and it will 
contribute to the management of the different water resources. It will 
help to establish tools in the different cities. These tools enable the 
gradual incorporation of sustainable methodologies in water manage-
ment. The use of sustainable indicators, which enable the definition of 
the new goals in the management of the water supply will establish the 
next challenge for the green cities, mainly in developing countries, 
which show high ranges of improvement. 
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Table 8 
Improvement of the different sustainable indicators.  

Type Abbreviation Definition Indicator Units Initial 
Situation 

1 
Recovery  
System 

2 
Recovery  
Systems 

Energy IED Ratio between friction energy and input energy Energy dissipation Dimensionless 0.088 0.160 0.178 
IAE Sum of the total active energy consumed in the 

network 
Annual consumed energy kWh 600483.38 592677.41 590717.91 

IEFW Ratio between the active energy consumed and 
the total volume of water introduced in the 
system 

Consumed energy per unit 
volume 

kWh/m3 0.088 0.088 0.088 

IER Sum of total energy recovered in the network Annual Recovered Energy kWh 0 23624.93 34490.44 
ERP Recoverable energy percentage used of the total 

energy consumed in the system 
Recoverable energy 
percentage 

% 0 3.99 5.84 

IAAE Sum of the total active energy consumed in the 
network subtracted by the sum of the total 
energy recovered in the network 

Absolute annual consumed 
energy 

kWh 600483.38 569052.48 556227.47 

IAEFW Ratio between IAAE and the total volume of 
water introduced in the network 

Absolute consumed energy 
per unit volume 

kWh/m3 0.088 0.084 0.083 

Economic IRLGP Ratio between reduction of the leakage volume 
for each installed power. 

Water recovery per unit 
volume per installed energy. 

m3/kW 0 6889.31 4510.35 

REC Product of the cost of the electricity tariff per 
kWh of energy produced 

Cost of recoverable electrical 
energy per installation of PATs 
(1) 

€ 0 4724.99 6898.09 

Environmental CWSBRL Product of the cost of each cubic meter of water 
for each covered meter of water saved. 

Cost of water saved by 
reducing leaks when installing 
PATs (2) 

€ 0 24181.48 30061.45 

CDRPE Ratio between the reduction of CO2 emission by 
the production of each kWh of renewable 
energy 

Carbon Dioxide reduced by 
produced energy (3) 

Tn 0 11.58 16.9 

CDRBL Ratio between the reduction of CO2 emission 
for each cubic meter of water saved by leaks. 

Carbon dioxide reduced by 
each cubic meter of water 
saved by leaks 

kgr CO2/m3 0 0.12 0.14 

(1) 0.2 €/kWh; (2) 0.25 €/m3; (3) 0.49 kg/kWh (De Marchis et al., 2016). 
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Ávila, C. A. M., Sánchez-Romero, F. J., López-Jiménez, P. A., & Pérez-Sánchez, M. 
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Pérez-Sánchez, M., Sánchez-Romero, F. J., Ramos, H. M., & López-Jiménez, P. A. (2017). 
Optimization strategy for improving the energy efficiency of irrigation systems by 
micro hydropower: Practical application. Water (Switzerland), 9(10). 
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