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Abstract: This research proposes a genetic algorithm that provides a solution to the problem of
deficient distribution of drinking water via the current hydraulic network in the neighborhood
“Fraccionamiento Real Montecasino” (FRM), in Huitzilac, Morelos, Mexico. The proposed solution is
the addition of new elements to the FRM network. The new elements include storage tanks, pipes,
and pressure-reducing valves. To evaluate the constraint satisfaction model of mass and energy
conservation, the hydraulic EPANET solver (HES) is used with an optimization model to minimize
the total cost of changes in the network (new pipes, tanks, and valves). A genetic algorithm was used
to evaluate the optimization model. The analysis of the results obtained by the genetic algorithm
for the FRM network shows that adequate and balanced pressures were obtained by means of small
modifications to the existing network, which entailed minimal costs. Simulations were performed
for an extended period, which means that the pressure was obtained by simulation with HSE at
one-hour intervals, during the algorithm execution, to verify adequate pressure at a specific point in
the system, or to make corrections to ensure proper distribution, this with the aim of having a final
optimized network design.

Keywords: crossover of variable lengths; optimization model; EPANET solver; constraint
satisfaction model

1. Introduction

Water distribution networks (WDNs) are among the most important issues facing society. Without
water, humans cannot survive. Therefore, it is of great interest to have water distribution networks
that satisfy the needs of users and do not cause economic loss. Water distribution networks play an
important role in improving the standard of living in a community, public trades, and industries.

Water distribution is a problem that has been addressed from different aspects: design, operation,
rehabilitation, and maintenance. To date, most research has been focused on network design but not on
network operation. The operation in a water network is an important issue. An appropriate network
design contributes to the network performance but it does not guarantee the efficient distribution.
The efficient distribution is closely related to the network operation. Nowadays, network operation is
very important because it ensures that the users of the network have just the necessary water, avoiding
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deficiencies, wastages, and water leakages, among others. So, the water distribution problem involves
a network that aims to adequately distribute water. The water network contains hydraulic elements
such as pipes, pumps, valves, and supply sources (reservoirs or tanks). The pipes allow water to
be drawn from the supply sources to the points of consumption (homes, shops, industries, and fire
hydrant irrigation). Supply sources are external sources or sinks for a system; they can be wells, rivers,
streams, or connections to other systems. Valves enable adequate control of the pressure in a system.
Pumps raise the water from the surface or underground sources to treatment plants, storage, or directly
to the distribution system [1,2].

According to computational complexity theory, the water distribution design problem is classified
as an NP-Complete problem [3]. It is a complex problem because the computational effort grows
exponentially as the instance size increases. In order to solve these kinds of problems, it is necessary
to use optimization methods related to the classification of the problem’s complexity [4], such as
metaheuristics. Metaheuristics are defined as a high-level strategy which is applied to combinatorial
problems with the goal of improving the local optimum. This guides the search process and facilitates
the discovery of good solutions. These approximation methods are designed for combinatorial
optimization problems in polynomial time. Metaheuristics provide a general framework for creating
new hybrid algorithms, combining different concepts derived from artificial intelligence, biological
evolution, and statistical mechanisms [5].

For more than three decades, optimization methods and models have been implemented to find
the optimal design of water distribution networks, with the aim of having an impact on economic
improvement, social benefits and reduction in energy consumption [6]. The problem of designing water
distribution networks has been studied by several researchers. The first works about water networks
considered it as a linear problem [6,7]. Afterwards, in some works, the problem was considered
as a non-linear problem [8,9]. Additionally, the problem has been formulated as a multi-objective
problem [10–12]. In order to solve the problem, different theoretical optimization methods have been
proposed. Some of the employed methods to address the water network problem are mathematical
programming [13–15], evolutionary techniques such as genetic algorithms [16–22], and ant colony
optimization [23]. Other researchers have implemented real models to improve existing networks,
with the objective of finding the best location for control valves in order to obtain adequate pressures
and avoid water loss due to leakage in the water distribution systems [24–28]. The problem of the
water network has been classified in Classic and Modern stages according to its characteristics and
methods of solution, as can be seen in more detail [29]. Many methods have been proposed for solving
optimization problems and acceptable results have been achieved to solve theoretical instances. For real
instances, heuristics, such as evolutionary algorithms, promise good solutions in limited computing
time. Evolutionary algorithms represent a broad class of problem-solving methodologies. Genetic
algorithms are very popular and one of the most commonly used methods to solve optimization
problems. They were initially proposed by Holland [30]. These algorithms are based on the way in
which species evolve and adapt to their environment for survival, according to the principle of natural
selection proposed by Charles Darwin [31]. Many of the presented methods to address the water
distribution design problem have solved it successfully. However, it is important to mention that, in
most cases, the water problem has only been solved for theoretical benchmarks.

This work presents a genetic algorithm that provides a solution to correct the deficiency in the
real drinking water distribution network called “Fraccionamiento Real Montecasino” (FRM, Figure 1).
This network is located in Huitzilac, Morelos. The hydraulic network is installed at 2250 m above sea
level. FRM is a looped network. It has 364 pipes, 350 nodes, 6 tanks, and 1 reservoir. In this network,
there are no valves to adequately control the pressure. Gravity is used to supply water to consumers.
The FRM network was created approximately twenty years ago. Initially, the network satisfied the
hydric user requirements. Through time, due to population growth, more users have been added to
the network. Currently, the design of the network is considered inappropriate because most of the
users do not receive an acceptable supply service and they have to obtain this indispensable service
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through other methods. To solve the problem, the addition of new elements to the FRM network is
proposed. These elements are storage tanks, new pipelines and pressure-reducing valves. In order
to evaluate the hydraulic constraints, one of the best known hydraulic water distribution modeling
toolkits, commonly accepted in the scientific community, is used: EPANET solver [1]. Although there
are different commercial software and free-ware available on the market for designing and optimizing
a variety of water distribution networks [32,33], they are generally used for specific benchmarks, and
most of them are theoretical. In previous works, [29–34], real networks have been solved by using
evolutionary algorithms and EPANET solver, with excellent results. These networks were not modified
by adding elements but they were redesigned by modifying the existing network components. In this
work, the novel algorithm finds the best solution for the FRM real network instance (which has a
previously defined design) by adding new elements with the lowest possible cost to obtain good
performance of the network.
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Figure 1. Graphical representation of the Fraccionamiento Real Montecasino (FRM) hydraulic network [35].

Hybridization of the genetic algorithm was performed with EPANET solver. So, the genetic
algorithm, here designed, interacts with EPANET solver to evaluate hydraulic constraints. EPANET
solver has been employed in a great number of works worldwide [1]. It can be said that the genetic
algorithm, here proposed, is a tool used to evaluate the optimization model, which minimizes the cost
of new elements added to the system. The viability of a solution obtained by the genetic algorithm is
validated by EPANET solver.

Simulations are performed by EPANET for the best solutions obtained by the genetic algorithm.
The simulations were performed for an extended period, which means changes to the status of control
elements (on/off) and pipes (open/closed) can be made, based on the pressure or water levels at
sensing nodes. Therefore, pressure nodes of the network were obtained by simulation with the
Hydraulic EPANET Solver in the FRM, at the beginning and during the execution of the algorithm, at
one-hour intervals to verify adequate pressure at a specific point in the system or to make corrections
to ensure proper distribution.

The present work is organized as follows. Section 2 provides an explanation of the water
distribution problem. Section 3 describes the solution methodology proposed in this work: an
optimization model, a constraint satisfaction model, and a genetic algorithm. Section 4 shows the
obtained experimental results based on the FRM water distribution network. Finally, in Section 5, the
conclusions are explained.
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2. Water Distribution Problem (Case Study)

The water distribution problem can be represented by graph theory. A graph is denoted as
G = (V, A), where V is a set of vertices or nodes and A is a set of edges or arcs. There are different
types of graphs. Non-directed graphs have two directions, and directed graphs have only one
direction [36]. Figure 1 shows the graph of the FRM network, which is a directed graph because the
water flows in one direction. In this graph, the nodes represent supply sources (reservoirs, tanks) or
points of consumption (homes, shops, industries, etc.). They are represented by different symbols
depending on whether nodes are sources or points of consumption (Table 1). The edges represent the
connecting elements such as pipes, valves, and pumps. Each edge has an associated cost which can be
the cost of the pipe diameter, the flow velocity in the pipes, the length of a pipe, the cost of the valve,
the cost of the pump or another parameter. This representation is important because it is exactly the
input parameter that EPANET solver needs to find the hydraulic characteristics of the network, such
as pressures, and velocities, among others.

Table 1 shows the symbolic representation of the elements in a network. Some symbols are
presented in the original FRM network (Figure 1), such as tanks, reservoirs, consumption points, and
pipes. Pumps and valves are not represented in the graph because they do not exist in the current
FRM network.

Table 2 summarizes the main elements of the FRM network. There are 364 pipes with a diameter
of 22.7 to 101.6 mm. The minimum pressure requirement is 10 mca (meters for water column) and the
maximum pressure requirement is 60 mca. The standard demand (pro-capita amount) is the amount
of water needed for each node of the FRM network.

Table 1. Symbolic representation of a network.

Symbol Representation
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Pipes Nodes Tanks Reservoirs
Standard
Demand

(LPS)

Minimum
Pressure

(mca)

Maximum
Pressure

(mca)

Pipe
Diameters

(mm)

364 350 6 1 0.003 10 60 22.7–101.6

To analyze the FRM network, a hydraulic simulation was performed by using EPANET solver.
EPANET is a free software that facilitates the analysis of hydraulic behavior in water distribution
systems. It was developed by the Environmental Protection Agency (EPA) [1]. It is a tool that can be
used in both Windows and Linux environments. It has been used by several researchers [25–29,37],
who have worked with water distribution network problems. EPANET calculates the friction loss in
pipes using the formulas introduced by Darcy–Weisbach, Manning, and Hazen–Williams [1]. It allows
the user to simulate systems of any size. The Hazen–Williams formula is more commonly used for
water flows while the Darcy–Weisbach formula is more commonly used for other liquids. So, in this
work, the Hazen–Williams formula was used. The roughness coefficient value is set as 125 because the
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pipes are made of galvanized iron. Additionally, it can be used for new or used pipes [38]. Finally,
this parameter was set with this value based on the observation that the results of the optimization
model were affected by it. This meant pressure and velocities were lower when this value increased.
EPANET tracks the flow rate for each pipe, the pressure at each node, and the water level in the
tanks over a period of time. Figure 2 presents the pressures obtained at each node over a period of
72 h. The results show that there are several nodes with pressures that do not reach the minimum
pressure requirements. A total of approximately 24 nodes have negative pressure, which indicates
that water does not reach the nodes. Even when negative pressures are hydraulically impossible,
EPANET mathematically obtains them and gives them as a result of an inappropriate performance of
the network, due to it having the lowest or no pressures. At the other extreme, excess pressure could
lead to problems of pipe ruptures, thus leading to water leaks and economic loss [35]. This was the
first test, and it was carried out by using the initial design of the FRM instance, previously described.
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In order to find a solution (water supply for all users), the existing hydraulic network, FRM, must
be redesigned. For this specific network, changing the diameter of the pipes is not a feasible solution
because it is too expensive. Additionally, it is important to mention that the objective of this work
is to use the same network and make the smallest possible number of changes on it. The rebuilding
process would involve excavating buried pipeline throughout the network, which probably means a
new redesigned network, with economic and time costs that are higher than the resulting costs of just
adding some elements. One solution, here proposed, is adding new storage tanks, and considering new
pressure-reducing valves (PRVs), pipes, or pumps. To add the pumps, pipes, or PRVs to the existing
hydraulic network, an optimum configuration must be obtained. This new configuration must be
generated with the lowest possible cost. An optimization model is proposed, which takes into account
the problem representation and the network. The objective of the model is to find the minimum number
of necessary additional tanks, valves, and pipes to be added. In order to ensure efficient operation of
the hydraulic network, an attempt is made to minimize the cost of the necessary modifications.

3. Solution Methodology

3.1. Optimization Model

In this work, an optimization model is proposed. This model is composed of an objective function
and a set of constraints, which allow suitable functioning in a water distribution system.
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min C(P, T, V) =
nT

∑
T=1

nd

∑
i=1

p

∑
j=1

CiLijXijT +
nT

∑
T=1

CTYT +
nV

∑
V=1

nP

∑
J=1

CVKV J (1)

Subject to
nd

∑
i=1

p

∑
j=1

XijT = 1 ∀ T (2)

dmin ≤ dij ≤ dmax (3)

XijT ∈ {0, 1} (4)

YT ∈ {0, 1} (5)

KV J ∈ {0, 1} (6)

Equation (1) represents the objective function. It attempts to minimize the total cost of the changes
made in the network: the cost, Ci, of the new pipes, tanks, CT , and valves, CV , where nT is the number
of tanks, nd is the number of diameters, p is the number of pipes for the new tanks, nV is the number of
valves, and nP is the number of pipes to insert into the new valve. Lij is the length of each pipe j with
diameter i. In this work, the costs of new components were calculated based on commercial costs from
the year 2015 [39]. Constraint (2) indicates that pipe diameters are on the list of commercial diameters.
For each pipe segment, only one diameter is used. Constraint (3) ensures that the chosen diameter is
included on the list of available commercial diameters; it indicates that the diameter i of the pipe j,
dij, is greater than the required minimum diameter dmin and lower than the maximum diameter dmax.
Constraint (4) indicates whether a diameter is being used or not. For example, if XijT = 1, the diameter
is being used. If the diameter is not being used, then XijT = 0. It should be noted that the network may
have repeated diameters. Constraint (5) indicates that a tank is selected if YT = 1, otherwise YT = 0.
The tanks can have different characteristics such as diameter, initial water level, maximum water
level and minimum water level. Constraint (6) indicates whether a valve V is inserted into a pipe J.
If a valve is inserted into the pipe, then KV J = 1, otherwise, KV J = 0. The valves can have different
characteristics such as valve setting and diameter.

3.2. Constraint Satisfaction Model

A constraint satisfaction model is presented [35], in which a set of hydraulic constraints must be
met in order to obtain proper system functioning by satisfying the needs of the users.

∑
i

Qin −∑
i

Qout = Qe (7)

∑
c

h f = ∑
c

Ep (8)

Hmin ≤ Hi ≤ Hmax (9)

Equation (7) represents the physical law of mass conservation, where the sum of the flow entering
and leaving a node must be equal to zero. The constraint indicates that the flow that enters a node,
Qin, minus the flow that leaves a node, Qout, is equivalent to the demand Qe. Equation (8) represents
the law of energy conservation. It indicates that the sum of the frictional energy losses h f in any circuit
c must be equal to either zero or the power energy, Ep, supplied by a pump. Constraint (9) refers
to the minimum and maximum pressure requirements that satisfy water users, while guaranteeing
appropriate network operation. The constraint necessitates that the pressure at a node Hi be greater
than the required minimum pressure Hmin and lower than the maximum pressure Hmax. The pressures
are defined according to the characteristics of the FRM network problem.
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3.3. Solution Strategy

1. Add new storage tanks with appropriate characteristics at points in the network where the
minimum pressure is not reached. The benefit of implementing storage tanks with gravity water
distribution is that it reduces or eliminates the number of necessary pumps, thus reducing the
energy costs. The main purpose of this work is to increase the pressure in the water distribution
system. In order to do this, the coordinates of the possible tank locations are determined according
to the topography of the network. It would not be possible to add a tank where there is an existing
building, or to install a pipe in an area considered risky. The process of choosing the candidate
positions for inserting an element (tank, pipe, PRV) includes first checking points where pressure
is not reached and then verifying the feasibility of adding the element. For proper system
operation, it is necessary to establish the required characteristics for the new storage tanks such
as diameter, volume (m3), maximum level, minimum level, and initial level. Figure 3 shows the
results obtained from the simulation performed during a 72-h period in EPANET solver. Three
storage tanks with different characteristics were added (Figure 3a). Pressure increased at nodes
that did not reach the required minimum pressure (Figure 3b). For the solution to be feasible, the
maximum pressure requirements must be considered. The graph shows high pressures at several
points in the network (red vertices, Figure 3a); therefore, the solution is unfeasible [35].

2. Add a pressure-reducing valve (PRV), which allows the pressure to be reduced if it is very high.
This ensures balanced service to the community and avoids constant pipe breaks. The problem
of finding the optimal valve location in a system has been studied for years by different
authors [24–28,40,41] in order to improve water distribution while minimizing operation costs.
When a valve is added, an economic cost is generated. As more valves are added to the system,
the cost increases. This work adopts the idea of [42], which suggests adding valves only in
the pipes that connect nodes with pressures greater than the maximum limit. It is important
to mention that each pipe is considered as a candidate for valve insertion. However, inserting
a valve into the pipes that connect nodes without high pressure can decrease the pressure too
much, or even create negative pressure. The solution would no longer reach the minimum
pressure required, and it would therefore be unfeasible. To insert the valves, a few points are
considered [43]. The direction of the valve must be the same as the direction of the original
water flow in the selected pipe. In addition, the diameter of the valve must be the same as
the diameter (22.7–101.6) of the chosen pipe. The pressure setting in the range of 10–60 mca
is determined to perform the most realistic simulation possible. Figure 4 shows the results of
adding pressure-regulating valves. Twenty-two valves were added (Figure 4a). As a result, the
nodes met the maximum pressure requirements (Figure 4b). Therefore, the solution is feasible
because it satisfies the constraints of the model.
The proposed solution strategy obtains feasible solutions according to the constraint satisfaction
model. It is also necessary to employ the optimization model in order to reduce the costs of
modifications made to the FRM network. In this work, a genetic algorithm is implemented,
since good results have been obtained with genetic algorithms in other investigations of water
distribution systems [25–27,32].
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3.4. Genetic Algorithm

Genetic algorithms (GAs) were invented by Holland [30] and introduced by Goldberg [44] as
evolutionary type algorithms. GAs are adaptive methods that have been widely used to solve search
and optimization problems. These algorithms are based on the genetic process of living organisms.
Over generations, populations evolve according to the principles of natural selection and survival of
the fittest individual. This theory was proposed by Charles Darwin [31].

Representation of individuals. A solution for the FRM network is represented as an individual,
consisting of several chromosomes. A chromosome is a set of genes. A gene represents a value of the
solution. The individual, for the FRM network, is coded as a string of binary, real, and real or integer
values. Figure 5 shows the graphical representation of an individual. It has three chromosomes (valve,
pipe, and tank). The valve chromosome is a gene with two attributes: ‘valve setting’ and ‘status’.

The attribute ‘valve setting’ is defined by the valve closure percentage which is converted to a
head loss coefficient. This attribute is set as a real value. The ‘status’ attribute has a binary value. It is
used to indicate the existence of a valve in a pipe. Hence, if there were a valve in the pipe, the assigned
value would be 1; otherwise, the assigned value would be 0. This value of ‘status’ attribute is assigned
based on the information of the existing network. For the FRM individual, this value is 0 because it
does not have any valve.
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For the pipe chromosome, the value of the gene is the diameter of the pipe and it is taken from a
list of eight available commercial diameters, defined prior to the optimization run (12.7, 19.05, 25.4,
31.75, 38.1, 50.8, 78.2, and 101.6, in millimeters). Finally, the tank chromosome is made up of four genes:
initial water level ((minimum level + maximum level)/2), minimum water level (1 m), maximum water
level (15 m) and diameter. The gene values for each chromosome were coded randomly according to a
range of values obtained after an analysis of the parameters of the FRM network.
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Feasible initial population. The evaluation of the population is critical because it determines
whether an individual has the appropriate characteristics to be part of the population. The feasibility of
each individual is determined with respect to the constraint satisfaction model. The model is evaluated
by using EPANET solver to verify compliance with the law of conservation of mass at each node, the
law of conservation of energy in each circuit, and the necessary pressures at each node for the water
distribution system to function correctly. For the FRM network, a feasible solution is considered if each
node has a minimum pressure of 10 mca and a maximum pressure of 60 mca.

The crossover operator consists of exchanging the characteristics of two parents to generate two
offspring. In this work, a new crossover operator is proposed called genetic interchange between
individuals (GIBI). Figure 6 presents an example of the behavior of the GIBI operator. For the valve
chromosome, a valve position is chosen randomly. The crossing operation was carried out in the
operation configuration through the ‘valve setting’ attribute. The attribute ‘status’ keeps its original
value due to valves not moving to another pipe and they are also not removed from the pipes.
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Having two individuals, the crossover operation is as follows: for the first individual, the Positions
are 1, 4, and 6. Likewise, for the second individual, the Positions are 2, 4, and 5. The gene exchange
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(valve setting) is performed between {{1, 2}, {4, 4} and {6, 5}}. The process continues until a specified
number of exchanges is realized. This specified number is randomly determined as a function of the
total number of valves. For the pipeline chromosome, the pipeline position is selected. For example,
Position 0 is selected for the first parent, and Position 1 for the second parent. The value of the diameter
is exchanged, until a specified number of exchanges has been performed. This number is randomly
determined as a function of the total number of pipes. Similarly, for the tank chromosome, a tank
position is randomly chosen for each individual. For example, 0 is chosen for the first individual
and 1 for the second individual. The genes are exchanged (initial water level, minimum water level,
maximum water level, and diameter), until a specific number of exchanges has been performed.
The number of exchanges is randomly determined as a function of the total number of tanks.

Mutation operator. The proposed mutation operator makes small random alterations in the genes
of a percentage of individuals. Figure 7 shows an example of the mutation operator’s procedure.
First, an individual is randomly selected from the population. Then, a position (which corresponds
to a valve) on the valve chromosome is randomly chosen. For example, Position 1, 4, or 6 could be
chosen, and the value 1 could be changed by 0. This means that the valve would be removed from
the pipe, therefore the setting of the valve would not be modified. In other words, it means that a
slight alteration is made in the ‘status’ attribute. The values of the valve setting and tank parameters
have been defined prior to the optimization run. The pipe chromosome determines the new pipe that
connects new tanks with other elements in the network. A position is randomly chosen, for example,
Pipe 1. A diameter is also randomly chosen from the list of commercial diameters. In this case, the
diameter 50.8 was changed by 38.1. For the tank chromosome, a tank is randomly chosen, for example,
tank 0. Its characteristics (initial level, minimum level, maximum level, and diameter) are randomly
modified. The ranges of the parameters for the tanks, the diameters of the pipes and the valve setting
are input data for the optimization algorithm. These values were obtained according to a field analysis
of the FRM network.
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Algorithm 1 shows the genetic algorithm. First, the algorithm initializes the input parameters,
such as crossover probability (Pc), mutation probability (Pmut), population size (Tpob), number of
generations

(
Ng

)
, average of selection (Ps), and average of mutation (Pm). The termination criterion

of the algorithm was set as 100 generations. This value was enough to reach an asymptotically low
value of the objective function. It meant that the convergence of the algorithm was generally reached
before 100th generation, so this value was assigned as the termination criterion, as a result of a tuning
process. The instance data is loaded and the initial configuration is created. The values used in the
initial configuration depend on the sensitivity analysis that was performed for the input parameters.
The algorithm then generates a random initial population of individuals (Line 5). The feasibility
of individuals in the population is evaluated using the EPANET functions in Linux platforms [29].
The fitness value is evaluated for each individual (Line 7). Individuals evolve over generations due
to three operators: selection, crossing, and mutation. A tournament selection method is used (Line
12) in which the most suitable individuals are selected. The selected parents are then recombined to
form offspring individuals who inherit the characteristics of their parents, using the GIBI crossover
operator (line 13). A probability factor (Pc), determines whether the crossing is carried out or not.
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After the crossing, the feasibility of the individuals is evaluated using EPANET. Later, the mutation is
performed on a percentage of individuals (Pm), of the total population (Line 15). After the mutation,
the feasibility of the individuals is evaluated again. The feasible individuals (Line 17) are added to
the new population until the population size (Tpob) is obtained. The fitness of the new population is
evaluated (Line 20). The new population replaces the previous one, and the generation number

(
Ng

)
increases (Line 22).

Algorithm 1 shows the genetic algorithm.

Algorithm 1. Genetic algorithm.

1: Parameters (Pc, Pmut, Tpob, Ng, Ps, Pm); // Initialize input parameters
2: DataLoad(); // Load instance data
3: InitialConfiguration(); // Generate initial configuration
4: G = 0; // Number of steps
5: PopulationGenerate (P); // Initial population
6: Feasibility Evaluation (P); // Evaluation with EPANET
7: FitnessEvaluate (P); // Population evaluation (fitness = (P, T, V))
8: while G < Ng do
9: P′ = 0; // Initialize population P′

10: Individual_best (BestIND, P); // Save the best individual
11: while Ninds<<Tpob do
12: Selection (P, p1, p2); // Select parents p1, p2 of population P
13: {h1, h2} = crossover (p1, p2, Pc); // crossover of the parents p1, p2
14: FeasibilityEvaluation (h1, h2); // Evaluation with EPANET
15: Mutation (h1, h2, Pmut); // Mutation of descendants h1, h2
16: FeasibilityEvaluation (h1, h2); // Evaluation with EPANET
17: IndividualsAdd (P′, h1, h2); // Insert the descendants h1, h2 into the population P′

18: Ninds+ = 2;
19: end while
20: FitnessEvaluate (P); // Population evaluation (fitness = (P, T, V))
21: PopulationReplacement (P, P′);
22: G+ = 1; //Increase of generation number
23: end while

4. Experimental Results

The experimental tests of the algorithm were performed using the equipment in the Optimization
Laboratory, located in the Center for Research in Engineering and Applied Sciences at the UAEM.
For each experimental trial, 30 executions of the genetic algorithm were carried out to find
feasible solutions.

Crossing Probability

A straightforward statistical analysis evaluates the behavior of the algorithm during use for
the evaluated instance. A real case instance is evaluated in this work. After performing the
sensitivity analysis and determining the control parameters, 30 runs were performed for the instance
with a population size of 1000 individuals, 40% selection percentage, 30% mutation percentage,
100 generations, 0.3 mutation probability, and 0.7 crossover probability. Table 3 presents the best
solution found with respect to the objective function. It also shows the worst solution, the average of
the 30 executions and their standard deviation. This information indicates how dispersed the solutions
are with respect to the mean.

The best cost obtained due to tanks was 237,150, valves were 4700 and pump was 2650 of the
FRM. The best cost of the FRM network was 251,850. In this best cost scenario, three storage tanks,
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three pipes, and seven pressure-reducing valves would have to be added. The complete data summary
of the network solution is presented in Table 4.

Table 3. Results of the cost of the FRM network using the genetic algorithm

Parameter Cost (Currency Units)

Worst 295,975
Mean 281,618
Best 251,850

Mean ± Standard deviation 281,618 ± 7883
Median 279,987

Table 4. Summary of the data for the best solution found for the FRM network

Pipes Nodes Tanks Reservoirs Valves
Standard
Demand

(LPS)

Minimum
Pressure

(mca)

Maximum
Pressure

(mca)

Pipe
Diameters

(mm)

367 350 9 1 7 0.003 10 60 22.7–101.6

The optimum location of the valves, the proper configuration of the storage tanks and the suitable
diameters for the pipes allow the FRM water distribution network to improve. Using the symbols
presented in Table 1, Figure 8 shows the pipes where a PRV is added in order to control pressure
throughout the system. Three tanks and three pipes were also added in different sections of the
network. According to the color scale, which shows pressure, Figure 9 indicates that all nodes meet
the minimum and maximum pressure requirements.
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This configuration is adequate to obtain the lowest possible cost while achieving a feasible
solution because it considers the pressure constraints. Figure 9 shows the pressure obtained at each
node. This indicates an acceptable network performance since the pressures are adequate; all nodes
reached the minimum pressure required defined as 10 mca. Additionally, pressures are lower than the
maximum pressure required, defined as 60 mca, for the FRM network.
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Tables 5–7 show the characteristics of the elements added to the FRM network. These are the
characteristics for the best solution found by the algorithm with a cost of 251,850 (currency units).
Three tanks with different characteristics have been added (Table 5). Tank 1006 has a diameter of
14.09 m, a maximum level of 13 m, and an initial level of 6.50 m. Building a tank 13 m in height and
14.09 m in diameter would imply a very robust construction that supports the hydrostatic pressure
in the walls of the tank. This would raise the material and labor costs. An alternative solution is the
construction of four tanks of width, length, and height of 10 × 10 × 13 m, respectively. In this way, the
pressure in the walls would be considerably reduced and the capacity of the tank, in liters, would be
the same. It is important to note that the height is the same, so the required pressures must be reached.
In the proposed solution, three new pipes were added (Table 6), which connect each of the tanks with
the rest of the network. For example, Pipe 366 is connected to Tank 1007 at Node 279. The pipe length
is 260 m with a diameter of 76 mm. With respect to pressure-reducing valves (PRVs) (Table 7), the
optimal solution is seven valves with different parameters. For example, Valve 2 connects Node 44
to Node 45, with a diameter of 38.10 mm and valve setting of 26.22 m. Valve 6 connects Node 222 to
Node 223, with a diameter of 76.20 mm and valve setting of 27.49 m.

Table 5. New tanks added to the FRM network.

ID_Tank Elevation
(m)

Initial Level
(m)

Minimum Level
(m)

Maximum Level
(m)

Diameter
(m)

1006 2412 6.50 1.50 13.00 14.09
1007 2425 4.00 1.00 8.00 7.90
1008 2329 4.50 1.00 9.00 12.66

Table 6. New pipes added to the FRM network.

ID_Pipe Start Node End Node Length (m) Diameter (mm)

365 1006 120 250.00 101.00
366 1007 279 260.00 76.00
367 1008 168 180.00 50.00
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Table 7. New PRVs added to the FRM network.

ID_Valve Start Node End Node Diameter (mm) Valve Setting

1 21 22 38.10 30.00
2 44 45 38.10 26.22
3 48 49 50.80 28.28
4 63 64 19.05 18.84
5 164 165 50.80 27.86
6 222 223 76.20 27.49
7 339 340 31.70 26.22

Based on the best solution provided by the algorithm, the distribution network was tested for an
extended period of 72 h. At this point, the pressure requirements were verified again, with EPANET
solver, to guarantee that the required pressure at nodes was actually reached. There was an increase
in pressure at some points. At Node 44, the pressure shows an increase at 23:00. Node 21 shows an
increase at 9:00. With this solution, a pressure decrease was observed in only two nodes. For these
nodes, the last modification on the network was done. It was solved by adding two valves and one
pump. After the modifications, the hydraulic values kept constant. Figure 10 shows the distribution
of pressure in different periods of time. Figure 10a shows at 12, Figure 10b shows at 24, Figure 10c
shows at 48 and Figure 10d shows at 72. The pressure was properly maintained, according to the
minimum and maximum pressure requirements. Even when a temporal pattern for the demand in the
extended period simulation was not used in this work, the main objective has been fulfilled: having an
acceptable pressure for all the networks users. The daily water demand will be posteriorly regulated
by means of a pumping technique that will be used to automatically fill up the tank, from a specific
source, as required. Pump scheduling optimization [45] can be used to guarantee that the users will
have the service every time they need it.
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In previous works [29], the evolutionary algorithm has been hybridized with EPANET solver with
good results. Additionally, different theoretical benchmarks have been solved with excellent results,
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comparing them with other research results found in literature. In this work, the genetic algorithm
with new features is focused exclusively on solving the practical real-life FRM instance.

5. Conclusions

The implemented solution methodology successfully allowed the genetic algorithm, here
designed, to find a feasible solution for the FRM real water network. The solution complied with the
constraint satisfaction model; the changes made to the network, by adding new elements, made it
operable. Additionally, the redesign of this specific network, by means of the optimization model,
helped to reduce monetary and time costs. The solution obtained by the genetic algorithm for the
FRM network shows that adequate pressures can be obtained by means of small modifications to the
network. Hence, a good water supply in the FRM network is achieved, with appropriate pressures
registered on each network node.

This paper proposed the use of EPANET solver to comply with the restrictions of mass and energy
conservation and an optimization model was solved by a genetic algorithm to find the least cost
redesign solution. The proposed method found a new way to re-design hydraulic systems by adding
the smallest possible number of necessary elements to the water network.

The results of the analysis of the genetic algorithm, here developed, can provide a feasible solution
for the problem of deficient distribution in the FRM network, by just adding some new elements.
Hence, the genetic algorithm can be considered as a potential tool for redesigning existing networks
that do not operate properly. In conclusion, it can be said that the designed algorithm contributes by
finding a solution to correct the FRM network’s deficient performance.

In future works, new tests of the genetic algorithm will be carried out to redesign new networks
defined in literature benchmarks. Additionally, a temporal pattern for the demands in the extended
period simulation will be considered. Finally, a pumping technique will be used to automatically fill
up the tank up as required, from a specific source, with the main goal of providing good service to the
users of the water network.
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