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Abstract: For this paper, a computer program was designed and developed to calculate which
turbines could be placed in a water distribution system considering the hydraulic constraints. The
aforementioned turbines are placed in locations where we have unused hydraulic energy, i.e., when
this energy is dissipated by a regulating valve. In our case, what we do is place a turbine to make
use of that excess energy. Once the data has been entered into the program, it provides the type or
types of turbines that can be placed in each location, what power these turbines would be, and how
much they would generate annually. The program offers us two calculation options. In the first, and
simpler, one, it would be done using the net head at the location where the turbine is to be placed.
For this option, it would only be necessary to introduce the flow rate, the net head, and the hours
that the turbine will be in operation to perform the calculation. The second option would be in the
case where we did not have the net head, and, instead, we had the gross head. In this case, we have
to calculate the head losses. Normally, this would be the most used option because there are usually
no pressure drops. To perform the calculation, in this case, it is necessary to know, apart from what is
mentioned in the first option, the characteristics of the pipe (diameter, length, and material).

Keywords: pressure water distribution system; hydraulic machine; expert system; Jordan curve theorem

1. Introduction

The use of excess energy in pressurized water systems is an alternative to the micro-
generation of electricity that could be included in action plans and policies that favor the
development of a sustainable economy compatible with social and environmental welfare
requirements [1].

Hydraulic power is a “natural” energy production source that should be considered as
an optimal source of energy to produce electrical energy. The potential energy savings and
the impact of these alternatives on the energy efficiency of the water supply systems are
highly variable [2], depending on their location, since, in each of them, we find a flow rate
and a different net head. Today, there is a great scientific and technical interest in analyzing
and evaluating the possibilities of recovering the unused energy in pressurized and gravity
water distribution systems. Topics of interest include the optimal location and operation
scheme of the hydraulic machine to be installed, as well as the influence of this one on the
control and management of the pipeline network [3–7].

Computer programs similar to the one we have developed in this work have been
published in the specialized literature. For example, Lof et al. [8] have developed a
product method, system, and computer program to improve the commercial value of the
electrical energy produced in a wind turbine production facility. There are other studies
in which methods are proposed for obtaining the measurements of the photovoltaic and
wind hybrid system. The intention is to characterize the photovoltaic module, the wind
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generator, and the battery, obtaining the performance in each of the proposed facilities [9].
Another alternative to consider is the development of a mobile prototype platform, based
on augmented reality and smartphone multimedia technology, operating in a combination
of real-world environment and computer-generated data to augment human perception of
a scene in real time [10].

On the other hand, there are papers in which a review of the different computer tools
that can be used to analyze the integration of renewable energies is carried out. With regard
to this, they provide the information needed to guide the decision-maker to adequate
energy analysis tools that must be completed [11].

In other papers, the design of a program for optimization and data storage is carried
out. A second layer was used to analyze the acquired data to model water consumption. A
program to take into account to carry out these works would be MATLAB [12]. In order to
carry out the program, a flowchart has been devised, similar to the one which we will use
to develop the schematic of the program [13].

The objective of this paper was the design and development of a computer program
to support the selection of turbines which can use the dissipated energy in pressure water
supply systems. The input variables of this application, designed with a user-friendly
framework, are the hydraulic constraints of the water pipelines network under study (flow
rate and net head available, or flow rate, gross head, and pipe characteristics). The output
are the possible hydraulic machines (turbines and/or pumps working as turbines (PATs))
that meet the hydraulic constraints and are available on the market today.

2. Materials and Methods

In order to carry out the computer program, we made a diagram (Figure 1) which
represents the ranges in which the most widely used turbines work in the current market.
This diagram net head (H)-flow rate (Q) has been made using a data collection of different
manufacturers and suppliers of commercial turbines, among which are BANKI, FRANCIS,
KAPLAN, PAT (Pump as Turbine), PELTON, and TURGO. All of the sections in this figure
are made up of the different models of each type of existing turbine, considering its net
head (m), its flow rate (m3/s), and its power (W).
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Once the diagram with the turbine sections was made, the Jordan curve theorem [14,15]
was used in order to read this diagram. The theorem consists of choosing the vertices of
each of the sections to be studied and thereby defining those sections under study. Finally,
once the theorem has been implemented into the program, the data to be studied can be
entered, and the program will tell us which section the said data belongs to and, therefore,
which is the ideal turbine for the said location.

The code consists of generating the effective sections of each turbine (Figure 1). With
regard to this, its vertices are indicated in the graph. Each vertex is stored in an object of
the class “Point”, in which the coordinates of that vertex are found. To define the figure,
we are going to save all of its vertices in a list, and we are going to save that list in an object
of the class “Figure”.

The flowchart, which follows the program that was carried out, can be seen in
Figure 2A,B.
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Figure 2. (A) Flowchart that describes the steps of the computer program developed. (B) Flowchart that describes the steps
of the computer program developed.

The program pulls a line from a point in any direction, with which you can tell if that
point is inside or outside the section (Figure 2B). To do this, you have to look at the number
of times that line collides with the edges of the figure. If it collides 0 or an even number
of times, the point is outside the section, while, if it collides an odd number of times, the
point is inside the section.

The program has two initial options, as we have observed in the flow rate diagram,
which are the first one using the net head, as we can see in Figures 3 and 4, in which some
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practical examples have been made. The second option would be using the gross head, as
can be seen in the practical cases of Figures 4 and 5.
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3. Results and Discussion

In this section, we are going to carry out four practical cases, as examples, to check the
application. In the first two, the net head will be used, and, in the other two, it will be done
with the gross head. For all cases, the calculations will be carried out in two ways, with the
application and with the relevant equations. Description with more detailed of followed
methodology and of the characteristics of water distribution networks under study is in
Rodríguez-Pérez and Pulido-Calvo [16] and Rodríguez-Pérez et al. [17]. Finally, the results
obtained will be compared.

Case study 1 (La Puebla de Guzmán, Huelva) (net head):
In this first case study, the water distribution system of the municipality of La Puebla

de Guzmán (Huelva, southwestern Spain) is analyzed to find out the possibility of installing
one turbine that can utilize the unused hydraulic energy in these facilities. In order to do
this, the possibility of placing it in the wastewater treatment plant (WWTP), where one
regulating valve is located at its inlet, will be studied [16]. For this case, we are going to
use the net head (H), which is 31.86 m. The average flow rate at the inlet of the regulating
valve is 220 L/s (Q). The power generated by the hydraulic machine is calculated as:

P =
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In our case, we are going to consider 85% efficiency because in the selected location we can
place turbines that have 85% efficiency (Figure 1).

The turbine would be in operation 14 h a day throughout the year (5110 h). We
consider that 1% of the annual time is for turbine maintenance; therefore, the hours in
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operation of the turbine annually would be 5058.9 h (13.86 h/day). The maximum usable
energy would have to be calculated as:

Usable energy = annual hours × P, (2)

Pregulating valve = 0.85 · 9810 (N/m3) · 0.220 (m3/s) · 31.86 (m) = 58,446.2 W. (3)

As we can see in Figure 1, we would be between the 50 kW and 100 kW power turbines,
and, in this case, a 50 kW turbine is selected. The reason for this is that the turbine can
continue working if the operation schemes of the hydraulic network are different from the
specified nominal values. Therefore, the maximum usable annual energy would be:

Annual energy = 5058.9 (h/year) · 50,000 (W) = 252,945 MWh/year. (4)

Now, we enter the data in the application, and we obtain the window shown in Figure 3.
As we can see in Figure 3, we obtained the same results as previously mentioned. The

computer program says that we can use five types of turbines with the efficiency of each
one of them, which are PATs (70%), Turgo (85%), Pelton (85%), Francis (85%), and Banki
(76%) [18–22]. These have a power of 50 kW, with the exception of PATs, which, due to
their low efficiency, would be 40 kW. On the other hand, the program informs us that the
annual power generated would be 252.95 MW.

Case study 2 (Aracena, Huelva) (net head):
In this second case study, the Aracena water supply system (Huelva, southwestern

Spain) will be used. It has a supply reservoir from which the water is distributed to one
regulation valve, for which its purpose is to regulate the drinking water flow requirements
of this town [17]. For this case, we are going to use the net head (H), which is 50.81 m. The
average flow rate (Q) at the inlet of the regulating valve is 15 L/s.

The turbine would be in operation 24 h a day throughout the year (8760 h). We consider
that 1% of the annual time is for turbine maintenance; therefore, the hours in operation of
the turbine annually would be 8672.4 h (23.76 h/day). In our case, we are going to consider
85% efficiency since, in the selected location, we can place turbines that have 85% efficiency
(Figure 1). The maximum usable energy would have to be calculated as:

Pregulating valve = 0.85 · 9810 (N/m3) · 0.015 (m3/s) · 50,810 (m) = 6.36 kW. (5)

As we can see in Figure 1, we would be between 6 kW and 7 kW of power, and, in
this case, a 6 kW turbine is selected. The reason for this is that the turbine can continue
working if the operation schemes of the hydraulic network are different from the specified
nominal values. Therefore, the maximum usable annual energy would be:

Annual energy = 8672.4 (h/year) · 6000 (W) = 52.03 MWh/year. (6)

Now, we enter the data in the application, and we obtain the following results shown
in Figure 4:

As we can see in Figure 4, we obtained the same results as previously mentioned. The
computer program says that we can use five types of turbines with the efficiency of each one
of them, which are PATs (70%), Turgo (85%), Pelton (85%), and Banki (76%) [18–22]. These
have a power of 6 kW, with the exception of PATs, which, due to their low efficiency, would
be 5 kW. On the other hand, the program informs us that the annual power generated
would be 52.03 MW.

Case study 3 (La Puebla de Guzmán, Huelva) (gross head):
In this third case study, we will analyze the water distribution system of the munic-

ipality of La Puebla de Guzmán (Huelva, southwestern Spain) in order to find out the
possibility of installing one turbine that can recovery the unused hydraulic energy in these
facilities. In order to do this, the possibility of placing it in the wastewater treatment plant
(WWTP), where one regulating valve is located at its entrance, will be studied [16]. The
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regulation reservoir from which it emerges in water by gravity is at a height of 236.4 m.
From this point, the water is distributed through a pipeline with a 10-year-old cast iron
pipe. This has a diameter of 500 mm to the regulating valve, located at the entrance to the
WWTP at a height of 186.9 m. The average flow rate (Q) at the inlet of the regulating valve
is 220 L/s, and the gross head (gross head = net head + hydraulic losses) is 49.50 m.

For a pipeline with diameter 0.5 m, length 5632.58 m, and 10-year-old cast iron pipe, a
C coefficient of the Hazen-Williams equation of 110 is considered, and the hydraulic losses
(Hf) can be calculated as:

Hf = 10.67
(

Q
C

)1.852
×

(
L

D4.87

)
, (7)

Hf = 10.67
(

0.22
110

)1.852
×

(
5632.58
0.54.87

)
= 17.64 m, (8)

H = 49.50 (m) − 17.64 (m) = 31.86 m. (9)

The turbine would be in operation 14 h a day throughout the year (5110 h). We
consider that 1% of the annual time is for turbine maintenance; therefore, the hours in
operation that the turbine is annually is 5058.9 h (13.86 h/day). In our case, we are going
to consider 85% efficiency since, in the selected location, we can place turbines that have
85% efficiency (Figure 1). The maximum usable energy would have to be calculated as:

Usable energy = annual hours × P, (10)

Pregulating valve = 0.85 · 9810 (N/m3) · 0.220 (m3/s) · 31.86 (m) = 58,446.2 W. (11)

As we can see in Figure 1, we would be between the 50 kW and 100 kW power turbines,
and, in this case, a 50 kW turbine is selected. The reason for this is that the turbine can
continue working if the operation schemes of the hydraulic network are different from the
specified nominal values. Therefore, the maximum usable annual energy would be:

Annual energy = 5058.9 (h/year) · 50,000 (W) = 252,945 MWh/year. (12)

Now, we enter the data in the application, and we obtain the following results showed
in Figure 5:

As we can see in Figure 5, we obtained the same results as previously mentioned. The
computer program says that we can use five types of turbines with the efficiency of each
one of them, which are PATs (70%), Turgo (85%), Pelton (85%), Francis (85%), and Banki
(76%) [18–22]. These have a power of 50 kW, with the exception of PATs, which, due to
their low efficiency, would be 40 kW. On the other hand, the program informs us that the
annual power generated would be 252.95 MW.

Case study 4 (Aracena, Huelva) (gross head):
In this second case study, the Aracena (Huelva, southwestern Spain) water supply

system will be used. It has a supply reservoir at an altitude of 715 m. From this, the
water is distributed through a 250 mm diameter cast iron pipe (pipe length is 300 m) to
the regulation valve, located at a height of 664 m. The purpose of this is to regulate the
drinking water flow requirements of this area [17]. The average flow (Q) at the inlet of the
regulation valve is 15 L/s, and the gross head is 51 m. The Aracena regulation valve is a
pressure reducing valve with an external pilot. The pipe is made of 250 mm cast iron and
is 10 years old.

For 10-year-old cast iron pipe, a C coefficient of the Hazen-Williams equation of 110 is
considered, and the head loss (Hf) can be calculated as:

Hf = 10.67
(

Q
C

)1.852
×

(
L

D4.87

)
, (13)
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Hf = 10.67
(

0.015
110

)1.852
×

(
300

0.254.87

)
= 0.190 m, (14)

H = 51(m) − 0.190 (m) = 50,810 m. (15)

The turbine would be in operation 24 h a day throughout the year (8760 h). We
consider that 1% of the annual time is for turbine maintenance; therefore, the hours in
operation of the turbine annually would be 8672.4 h (23.76 h/day). In our case, we are going
to consider 85% efficiency since, in the selected location, we can place turbines that have
85% efficiency (Figure 1). The maximum usable energy would have to be calculated as:

Pregulating valve = 0.85 · 9810 (N/m3) · 0.015 (m3/s) · 50,810 (m) = 6.36 kW. (16)

As we can see in Figure 1, we would be between 6 kW and 7 kW power turbines, and,
in this case, a 6 kW turbine is selected. The reason for this is that the turbine can continue
working if the operation schemes of the hydraulic network are different from the specified
nominal values. Therefore, the maximum usable annual energy would be:

Annual energy = 8672.4 (h/year) · 6000 (W) = 52.03 MWh/year. (17)

Now, we enter the data in the application, and we obtain the following results:
As we can see in Figure 6, we obtained the same results as previously mentioned. The

computer program says that we can use five types of turbines with the efficiency of each
one of them, which are PATs (70%), Turgo (85%), Pelton (85%), and Banki (76%) [18–22].
These have a power of 6 kW, with the exception of PATs, which, due to their low efficiency,
would be 5 kW. On the other hand, they are informed that the annual power generated
would be 52.03 MW.
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4. Conclusions

A computer program has been designed and developed to help make decisions for
the selection of turbines to be installed in pressurized water distribution systems. The
purpose of this is to make use of unused hydraulic energy. This expert system integrates
one net head-flow rate graph. This is elaborated from commercial turbines and PATs,
which facilitates the selection of the optimal hydraulic machine based on the hydraulic
requirements of the installation under study. The gross head or the net head in the hydraulic
network can be entered as starting data, as well as the flow rate that circulates through the
pipe network. Similarly, other output data from the program developed is the estimation
of the annual energy generated by the hydraulic machine, which will make it possible, in
future projects, to determine the profitability of the investment. Consequently, this will
propose the feasibility of installation and execution.
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