
Introduction

Pipelines [1] transport such resources as water, 
petroleum products, telecommunications, chemicals, 
natural gas, sewage, beer, biofuels (ethanol and 
biobutanol), and hydrogen. The Locations are residential 
and commercial areas, treatment plants, processing 
facilities, gas stations, pumping stations, terminals, tanks, 
storage facilities, partial delivery stations, inlet stations, 
injection stations, block valve stations, regulator stations, 
final delivery stations, floors (levels, decks) of a building, 
vessels, or other structures [1]. Water transportation 
problems (WTP) is a generic name given to a whole class 

of problems in which water transportation is necessary by 
pipelines or other means.

Water distribution networks carry resources (drinking 
water, purified water, deionized water, distilled water, 
hard water, heavy water, soft water, tritiated water) to 
such locations as water storage facilities by pipelines and 
ducts. 

A water distribution network is a hydraulic 
infrastructure that is part of the water supply system 
composed of a set of pipes, hydraulic devices (pumps, 
pressure-reducing valves, etc.), and reservoirs [2]. 
The problems that arise in the distribution of water are 
usually the following: distribution of cities lack adequate 
modernization and maintenance, which cause loss of 
water resources, and poor distribution of water as a 
consequence causes the water to run through more miles 
to reach its destination. Traditionally networks of water 
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distribution design are done through trial and error, a 
process that does not have any optimization criteria, has 
hydraulic functionality but with rather high time, and 
with non-optimal results and cost. There is a need to plan 
networks of water distribution to be sustainable, efficient, 
reliable, and inexpensive. Therefore, it is necessary 
to determine the diameters of the pipes in the design 
optimally.

There are different networks of water. Among the most 
used in research are a New York City network composed 
of 20 and a tube, 20 nodes, and a circuit. The network 
is powered by gravity with a fixed head of 300-pound 
deposit. The problem that was intended to be resolved was 
to add new parallel to the existing pipes since the network 
does not meet the requirements of a load of pressure on 
certain nodes (for example from 16-20) [3]. The two-
looped Alperovits and Shamir [4] Network consists of 
eight pipes, six junctions, and a reservoir. The network 
of water distribution of Hanoi in Vietnam [5] consists 
of 34 lines, three cycles, and 32 nodes, and is powered 
by gravity with a fixed deposit of 328 feet. The Gessler 
network method is based on the adaptation of the Cross 
method, for the flow of the network and the distribution 
of pressure. The method takes the heads of the nodes as 
main variables and sets some equations for each node 
with unknown headers. Every interaction relies on the 
heads of the front cover or it assumes initially one, and 
this method calculates flows and losses in the arches of 
the network. These flows do not satisfy the equations of 
continuity in the nodes, being balanced by equations of 
continuity [6].

Optimization Methods of Water 
Distribution Networks

A combinatorial optimization problem W of water 
distribution networks is either a minimization problem  
or a maximization problem and consists of the following 
three parts: 1) a set DW  of instances of the water 
distribution problem; 2) for each instance I ∈ DW , a finite 
set SW(I) of candidate solutions for I; and 3) a function 
mW that assigns to each instance I ∈ DW and each 
candidate solution σ ∈ Sw(I) a positive rational number 
mW(I, σ)  called the solution value for σ.

In the specialized literature there exist various variants 
of water distribution problems.

Water Quality Management

Water quality management is presented by Singh 
et al. [7] as a set of water sample W (N-dimensional 
vector), where each water sample w has a set of quality 
variables (1). The set of variables is presented as X, where 
each value of the variables is represented as xi, where i is 
the specific variable (2). n is the number of variables to 
measure the quality of water. Equation (3) represents the 
I classes for each water sample w as spatial or temporal. fc 
is a classification function if xi belongs to cj (4-5).

                         (1)

                               (2)

                          (3)

                       (4)

                     (5)

Water Supply Network (WSN)

WSN is an NP-hard problem [8] where we have a 
supply network where this problem consists of selecting 
the optimum design (radio or diameter) of each pipe with 
minimum resources cost. In this problem the author 
represents the demand as a graph that has a set of arcs 
(pipes) with different diameters. Each node needs a 
water supply with some flow precision represented as a 
nonlinear constrained optimization. WSN is represented 
as a water distributor P with a set of M pipes (6) and L 
pipe junctions (7). The initial junction is represented 
as Q0, delivered with a head H0 at the main source J0, 
where the demand is presented in Equation 8. Each  
pipe pi has a diameter di. The objective function consists 
of minimizing the cost C (d) from H0 to Hj with a subset 
of junctions (9) subject to equations (10-11). In this  
case, B and K are constants based on the pipe material 
and cost. Equation 10 represents the commercial pipe 
parameters.

                         (6)

                        (7)

                            (8)

            (9)

                       (10)
 

   
(11)

Water Flow and Chemical Transport

Water flow and chemical transport [9] uses the 
formulation of Cameron and Klute and adds a first-
order loss term. The equation governing the transport of  
a chemically reactive solute is presented in equations  
(12-13):

    (12)
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…with

      (13)

…where c is the solute concentration in the liquid (in 
units of mass per unit volume); c* is the adsorbed phase 
concentration (in units of mass of adsorbed chemical per 
unit mass of porous media); ck

* is the kinetic fraction of  
the adsorbed chemical and ck

* (= k3θc/pb) is the equilibrium 
fraction; k1 is the forward (adsorption) rate constant, 
k2 is the backward (desorption) rate constant, and k3 
is the equilibrium constant; f is the loss coefficient for 
selective first-order removal; q1 are the specific discharge 
components; pb is bulk density; qs is the injected/pumped 
fluid volume per unit aquifer volume; and Cs is the solute 
concentration in qs. Dij is the hydrodynamic dispersion 
tensor computed on the basis of and of the specific 
discharge and is given by equation (14):

      (14)

…in which αL is longitudinal dispersivity, ar is transverse 
dispersivity,  is the magnitude of the specific 
discharge, and δij is the Kronecker delta δij = 1 if i = j and 0 
otherwise). As mentioned earlier, this model is equivalent 
to the mobile-immobile physical partitioning model at 
equations (15-17):

      (15)
with

         (16)

…if we relate the parameters of these two models as:

      (17)

…in which θm and θim are the mobile and immobile 
phases water contents; Cm and Cim are the mobile and 
immobile zone solute concentrations; f * is the fraction 
of solid matrix in contact with the mobile zone; k is the 
distribution coefficient; αr is first-order rate constant; and 
Rim (= 1 + pb(1 – f *)k/ θim )is the retardation factor solute 
corresponding to the immobile zone. The similarity 
between the two models is made to compare the results 
of the numerical model with those obtained from an 
analytical solution of the three-dimensional mobile-
immobile partitioning model.

Water Distribution Systems

The water distribution system [4] (see the 
mathematical model) is the dimensioning of components 
and the establishment of operational decisions for pumps 
and valves in a series of loading conditions, those that are 
considered “typical” or “critical.” The water distribution 
system considers a network of water supply sources of 
gravity. The water distribution system (WDS) design 
belongs to a group of inherently intractable problems 
commonly referred to as NP-hard [10-11].
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The objective function (Equation 18) seeks to 
minimize the cost of the system while satisfying hydraulic 
criteria and reliability requirements. Optimization tries to 
find best diameters for network links to reach an optimum 
result. Within the constraints of Equation 19, length and 
the sum of the lengths of pipe in each link must equal 
the total length of the link where a link represents a pipe 
connecting two nodes directly. In Equations 20 and 21, 
head loss and the minimum and maximum permissible 
head at each demand point or node must be satisfied. In 
Equation 22, the loop, for a looped system, the total head 
loss around a loop must equal zero. Equation 23 represents 
the non-negativity. Equation 24 shows reliability and the 
limits of the expected (average) number of breaks in a 
given time period in any link. Where Cjk is the cost of 
pipe of diameter k in link j ($/km), C is the total cost of the 
system ($), Hnmin is the minimum allowable head at node 
n (m), Hnmax is the maximum allowable head at node n (m), 
Ho is the original head at source (m), Jjk is the hydraulic 
gradient for pipe diameter k in link j (m/km), Lj is the total 
length of link j (km), n(j) is the number of different pipe 
diameters in link j, NL is the total number of links within 
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the system, p(n) is the links in the path from source to node 
n, p’(b) is the links in the path associated with net head 
loss Bp, rjk is the expected number of breaks/km/year for 
diameter k in link j, Rj is the maximum allowable number 
of failures per year in link j, Xjk is the length of pipe of 
diameter k in link j (km), j is the link index, and k is the 
diameter type index.

Water Distribution Networks

Lansey and Mays [12] and Shamir [13] present a 
method to minimize the cost design of water distribution 
networks. Their proposal shows the uncertainties in the 
demands, pressure heads, and roughness coefficients. 
In general, reliability is defined as the probability that 
a system performs its mission within specified limits 
for a given period in a specified environment. The real 
issue of water distribution system reliability concerns the 
ability of the system to supply the demands at the nodes 
or demand points within the system at required minimum 
pressures. This methodology estimates the probability of 
failures base on the component failure rates. The basic 
optimization model for water distribution system design 
can be stated in general form as equations (25-29):

Minimize 
,
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The objective function is to minimize cost as a 
function of diameter Di,j for the set of arcs, M, from nodes 
i to j in the network. Equation 26 shows the constraints to 
satisfy the demand from nodes qi,j  (pipes flow rate from 
node i to node j, and Qj represent the external demand 
of node j). Constraint equation 27 shows the sum of the 
pressure losses, hk, around each loop k = 1,..., K is equal 
to zero. Constraint equation 28 defines the lower bound, 
Hj on the pressure head, Hj, at each node. The discharge 
qi,j in each pipe connecting nodes i and j can be expressed 
using Hazen-Williams (Equation 29).
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The new objective function (Equation 30) is expressed 
regarding minimizing the costs. Constraint equation 31 
is expressed as probability, P(), of satisfying demands, 
where Kp is a constant to account for flow units; Ci,j is 
the Hazen-Williams roughness coefficient; Hi and Hj are 
the pressure heads at nodes i and j, respectively; Li,j is the 
length of the pipe connecting nodes i and j; and Di,j is the 
pipe diameter of the pipe connecting nodes i and j, i.e., that 
demand equals or exceeds probability level aj. Similarly, 
constraint Equation 32 expresses the probability of the 
minimum pressure head being satisfied, i.e., the pressure 
heads equal or exceed the minimum pressure head with 
probability level bj.

Di Pierro et al. [14] propose the water distribution 
network design for a gravitational one-loading system, 
as a bi-objective optimization problem with a selection 
of pipe sizes as the decision variables. The pipe layout 
and its connectivity, nodal demand, and minimum head 
requirements are assumed to be known. In general terms, 
this problem can be stated as finding the pipe sizes that 
minimize the total cost and head deficit while satisfying 
the following conditions.
 – Conservation of mass: inflows and outflows must bal-

ance at each node.
 – Conservation of energy: the head loss around a closed 

loop must equal zero.
 – Head loss in each pipe is a function of the flow in the 

pipe, its diameter, length, and hydraulic properties 
(i.e., hydraulic pipe resistance).

 – Pressure head and flow requirements: a minimum 
pressure must be provided at network locations for 
any given set of demands.

 – Admissible pipe sizes: diameters are selected from a 
set of commercially available ones.
The mathematical model described by Di Pierro et al. 

[14] has the following formulae: 
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minnP P≥                            (38)

…where Q ⊆ RD is the decision space (that is the set of 
all commercially available pipe diameters); c is the cost 
function associated with the problem; ΔPn is the head 
deficit at each network node; and D, N, and L are the 
number of links to be designed (decision variables), the 
number of nodes, and the number of loops in the network, 
respectively. Equation (35) describes the conservation 
of mass while Equation (36) represents the conservation 
of energy, where the head loss along each pipe is given 
by Equation (37), with CW being the Hazen-Williams 
loss coefficient. Also, the pressure at each node must 
be equal to or greater than the minimum pressure 
required Pmin. From a water network design perspective, 
a slight pressure deficit in some non-strategic nodes 
(e.g., feeding non-sensitive users other than hospitals, 
schools, or fire-fighting hydrants) is often outweighed 
by the corresponding significant cost reduction. This 
makes a multi-objective optimization approach to water 
distribution design very appealing to engineers as it 
provides a tool to investigate interesting trade-offs.

Baños et al. [15] proposes a mathematical model of 
the design of water distribution networks to calculate 
the total cost of the network. The objective to optimize 
corresponding to the total cost of the network, the 
function is expressed as:

1 1
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…where f is the objective function to minimize, nd is the 
number of existing pipe diameters, ci is the cost per unit 
length of pipes from diameter i, Li is the total length of 
pipelines in diameter i, Kp is the constant criminalization, 
nn is the number of nodes given, hrj is required in the 
node j header pressure, and hj is the pressure of current 
header computed by the hydraulic simulator for node j. 
The value of Kp should be a very high constant (such as 
100,000) to discard those solutions with pressures below 
the established requirements [15]. 

A chance-constrained optimization methodology 
is presented for the minimum cost design of water 
distribution networks. This methodology attempts to 
account for the uncertainties in required demands, 
required pressure heads, and roughness coefficients. In 
general, reliability is defined as the probability that a 
system performs its mission within specified limits for a 
given period in a specified environment. The real issue 
of water distribution system reliability concerns the 
ability of the system to supply the demands at the nodes 
or demand points within the system at required minimum 
pressures. This model uses component failure rates to 
compute component failure probabilities, which are then 
used to define nodal and system reliabilities. The basic 
optimization model for water distribution system design 
can be stated in general form as [16]:
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The objective function is to minimize cost as a function 
of diameter Di,j for the set of possible links, M, connecting 
nodes i and j in the network. Constraint equation 41 is 
the continuity equation used to satisfy demand at each 
node in which qi,j is the flow rate in the pipe connecting 
nodes i and j, and Qj is the external demand at node j. 
Constraint equation 42 states that the sum of the head 
losses, hk, around each loop k = 1,..., K is equal to zero. 
Constraint equation 43 defines the lower bound, Hj on the 
pressure head, Hj, at each node. Discharge qi,j in each pipe 
connecting nodes i and j can be expressed using Hazen-
Williams (Equation 41). 

Where Kp is a constant to account for flow units; Ci,j 
is the Hazen-Williams roughness coefficient; Hi and Hj 
are the pressure heads at nodes i and j, respectively; Li,j 
is the length of the pipe connecting nodes i and j; and Di,j 
is the pipe diameter of the pipe connecting nodes i and 
j. Considering the demands Qj, the minimum pressure 
head requirements, Hj, and the pipe roughness coefficients, 
Ci,j, as random variables, the chance constrained 
formulation of the model. The objective function is 
expressed regarding minimizing the costs. Constraints 
are expressed as the probability, P(), of satisfying 
demands, i.e., that demands are equaled or exceeded  
with probability level aj. They express the probability 
of the minimum pressure head being satisfied, i.e., the 
pressure heads equal or exceed the minimum pressure 
head with probability level bj.

Comparison Water Distribution Network

Various algorithms to solve the variants of the water 
distribution networks (Table 1) may be found in the 
literature. We mention only some of the most popular 
algorithms to solve the variants of the water distribution 
networks.

Conclusions

Because several cities across the globe waste thousands 
of liters of water a day due to bad design in their water 
distribution networks, it is necessary to make optimal 
designs that minimize waste. It is important to minimize 
the costs of pipeline construction to supply water and 
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Authors Algorithm Problem Contribution

Alperovits 
and Shamir [4]

Linear programming 
gradient (LPG)

Water distribution 
networks

The optimal design of a pipeline network that delivers known 
demands from sources to consumers and may contain pumps, 

valves, and reservoirs

Fujiwara and 
Khang [5]

Two-phase 
decomposition method

Water distribution 
networks

A gradient approach with the flow distribution and pumping heads 
as decision variables and that is an extension of the linear pro-

gramming gradient method proposed by Alperovits and Shamir for 
the optimal design of new looped

Chu et al. [17] Immune algorithm WDND optimiza-
tion problem

Immune algorithm and a modified immune algorithm with genetic 
algorithm (GA) to solve the New York City tunnel problem

Reca et al. [18] Genetic algorithm WDND optimiza-
tion problem

The authors evaluate some meta-heuristic techniques to optimize 
looped water distribution systems; the genetic algorithm had the 

best performance for dealing with a medium-sized network

Geem [19] Particle swarm har-
mony search

WDND optimiza-
tion problem

A modified harmony search algorithm incorporating particle 
swarm concepts applied to the design of the two-loop, Hanoi, 

Balerma, and New York City networks

Di Pierro et al. [14] Hybrid algorithms Water distribution 
networks

Introduced ParEGO and LEMMO algorithms to solve the design 
problem of the network in Southern Italy and England

Baños et al. [20] Memetic algorithm WDND optimiza-
tion problem

A computer model called MENOME with a new memetic 
algorithm and binary linear integer programming, a hydraulic 

network solver, a graphical user interface and database 
management module for the optimal design of looped water 

distribution networks

Vasan and 
Simonovic [21]

Differential 
evolution

WDND optimiza-
tion problem

Application of an evolutionary optimization technique, 
differential evolution, a hydraulic simulation solver for optimal 

design of water distribution networks 

Yazdani et al. [22] Network theory 
approach (NTA)

Water 
distribution sys-

tems

Improving the resilience of water distribution systems presented 
as a link-node of water infrastructures and solved by network 

theory metrics and measurements

Chagwiza, Jones, 
Hove-Musekwa 

[23]

Max-min ant system 
–MMAS and a particle 

swarm optimization 
algorithm

Water distribution 
networks

A general mathematical programming algorithm to optimize total 
cost for the Bulawayo water network

Rangel et al. [24]
Artificial neural 

networks and genetic 
algorithms

Water distribution 
networks

Forecasting the Barcelona drinking water network in a horizon 
of 24 hours

Avila-Melgar, 
Cruz-Chávez, 

Martinez-Bahena 
[25].

Evolutionary 
algorithm

Water distribution 
networks

A methodology for using Epanet Solver with a parallel 
evolutionary algorithm for real life water distribution networks

Amirkhani et al. 
[26] Genetic algorithms Water distribution 

networks
Obtaining optimal results of the multistage operation of gated 

spillways for the Karkheh Reservoir in Iran

Gao et al.  [27] Genetic algorithms Water quality
Minimizing network leakage of conventional multi-source water 
distributions, and applied to a real water network in Changping 

Town

Bozorg-Haddad 
et al. [28]

Honeybee mating 
optimization and fuzzy 

logic

Water distribution 
system

A multi-objective honeybee mating optimization and fuzzy logic 
to minimize the capital costs and reliability of a water distribution 

system
Makaremi, 

Haghighi, Ghafouri 
[29]

Genetic algorithm Water distribution 
system

A non-dominated sorting genetic algorithm with the EPANET 
hydraulic sorting genetic algorithm to solve a real pipe network

Wang, Savić, and 
Kapelan [30] Hybrid algorithm Water distribution 

systems
A genetically adaptive leaping algorithm for approximation and 

diversity (GALAXY) to solve water distribution system
Moosavian and 

Lence [31]
Differential evolution 

(DE) algorithms
Water distribution 

systems
The Pareto optimal front in multiobjective problems for 

minimizing the cost of water distribution systems

Table 1. Water distribution network comparison.
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repair costs, and solve water transportation problems. 
This survey consists of presenting the mathematical 
models and algorithms used to solve water distribution 
problems.

For future research we propose investigating 
mathematical models of the different kinds of flows 
and the creation of new algorithms that solve these 
optimization problems.

Acknowledgements

This work is supported by grants from Universidad 
Autónoma del Carmen through the program to obtain 
the distinction of national researcher. This work was 
supported by grants of SEP-PRODEP UAEH-PTC-719 
and UAEH-PTC-682, and the support of the National 
System of Researchers (SNI) of the National Council for 
Science and Technology (CONACYT).

 
References

1. DÍAZ-PARRA O., RUIZ-VANOYE J.A., BERNÁBE 
LORANCA B., FUENTES-PENNA A., BARRERA-
CÁMARA R.A. A Survey of Transportation Problems. 
Journal of Applied Mathematics, 2014, 1, 2014.

2. CUNHA M., SOUSA J. Water Distribution Network Design 
Optimization: Simulated Annealing Approach. J. Water 
Resour. Plann. Manage, 125 (4), 215, 1999.

3. SHAAKE J.C., LAI D. Linear programming and  
dynamic programming application to water distribution 
network design. Rep. No. 116, Dept. of Civil Engineering, 
Massachusetts Institute of Technology, Cambridge, Mass. 
1969.

4. ALPEROVITS E., SHAMIR U. Design of  optimal  
water distribution systems. Water Resour. Res. 13 (6), 885, 
1977.

5. FUJIWARA O., KHANG D.B. A two-phase  decomposition 
method for optimal  design of looped water distribution  
networks. Water Resour. Res., 26 (4), 539, 1990.

6. GESSLER J. Analysis of pipe networks. M.H. Chaudhry, 
V. Yevjevich (Eds.), Closed-conduit Flow, Water Resources 
Publications, 61, 1981.

7. SINGH K.P., BASANT N., GUPTA S. Support vector 
machines in water quality management. Analytica Chimica 
Acta 703 (2011) 152, 2011.

8. YATES D.F., TEMPLEMAN A.B., BOFFEY T.B. The 
Computational Complexity of the Problem of Determining 
Least Capital Cost Designs for Water Supply Networks,  
Engineering Optimization, 7 (2), 143, 1984.

9. JIM YEH T.-C., SRIVASTAVA R., GUZMAN A., 
HARTER T. A Numerical Model for Water Flow and 
Chemical Transport in Variably Saturated Porous Media. 
Groundwater, 31(4), 634, 1993.

10. TEMPLEMAN A.B. Discussion of Optimization of Looped 
Water Distribution Systems, by G.E. Quindry, E.D. Brill, 
and J.C. Liebman, J. Envir. Engr. Div. ASCE, 108 (EE3), 
599, 1982.

11. PARKER R.D., RARDIN R.L. Discrete optimizations, 
United Kingdom Edition published by Academic Press, Inc 
(London) Ltd., 1988.

Table 1. Continued.

Díaz, Mínguez, 
González [32]

Ordinary 
observability analysis

Water distribution 
networks

Computing the hydraulic state of a network from the available 
measurement set to compute the current status of a water distribu-

tion network

Yazdi and Moridi 
[33]

Soil and water assess-
ment tool Water quality

Models are linked to simulate the transmission and distribution 
of water quality variables in the Seimare watershed-reservoir 

system in western Iran

Pecci, Abraham, 
Stoianov [34]

Branch-and-bound 
algorithm

Water supply 
network

Mathematical framework for the optimal placement and operation 
of control valves in water distribution networks (22 nodes, 37 

pipes, 3 reservoirs)
De Paola, Galdiero, 

Giugni [35] Harmony search (HS) Water distribution 
networks

The strategic location and setting of a prefixed number of 
pressure-reducing valves (PRVs)

Alexiou and 
Tsouros [36] Graph theory Water distribution 

networks
For determining canals to maximize the amount of water with 

minimum construction cost
Lence, Moosavian, 

Daliri [37]
Fuzzy multiobjective 
programming model

Water distribution 
systems

To identify the design pipe diameters of the water-main network 
of Farhadgerd, Iran

Islam, Sadiq,  Rod-
riguez [38]

A heuristic algorithm 
maximum covering 
location problem

Water distribution 
networks

Maximizes the water quality index to determine cancer and 
noncancer risk potentials

Sebbagh et al. [39] Genetic algorithms Water distribution 
networks

The approach optimizes the parameters by means of genetic 
algorithms with hydraulic modeling interface, and to simulate the 

location of leaks in EPANET, ExpaGIS, and Optim-Detec software

Mora-Melià [40]
Different 

population-based 
algorithms

Water distribution 
networks

Different population-based algorithms to be applied to four 
well-known benchmark networks and four different algorithms

Do et al. [41] Genetic algorithm Water distribution 
systems

A genetic algorithm to calibrate the three cases of water demands 
for water distribution systems



1432 Ruiz-Vanoye J.A., et al.

12. LANSEY K., MAYS L. Optimization Model for Water  
Distribution System Design. Journal Hydraul Div. Am. Soc. 
Civ. Engg., 115 (10), 1403, 1989.

13. SHAMIR U. Water Distribution Systems Analysis, Journal 
of the Hydraulic Division Proceeding of the ASCE, HY.1, 
219, 1968.

14. DI PIERRO F., KHU S., SAVIC D., BERARDI L. Efficient 
multi-objective optimal design of water distribution 
networks on a budget of simulations using hybrid 
algorithms. Environmental Modelling & Software 24 (2), 
202, 2009. 

15. BAÑOS R., GIL C., AGULLEIRO J., RECA J. A memetic 
algorithm for water distribution network design. Soft 
Comput Ind Appl 39, 279, 2007.

16. LANSEY K., BASNET C. Parameter Estimation for Water 
Distribution Networks. J. Water Resour. Plann. Manage., 
117 (1), 126, 1991.

17. CHU C.W., LIN M.D., LIU G.F., SUNG Y. Application of 
immune algorithms on solving minimum-cost problem of 
water distribution network. Math Comput Model 48 (11-12), 
2008.

18. RECA J., MARTÍNEZ J., GIL C., BAÑOS R. Application 
of several meta-heuristic techniques to the optimization 
of real looped water distribution networks. Water Resour 
Manag 22 (10), 1367, 2008.

19. GEEM, Z. Particle-swarm harmony search for water 
network design. Eng Optim 41 (4), 297, 2009.

20. BAÑOS R., GIL C., RECA J., MONTOYA F. A memetic 
algorithm applied to the design of water distribution 
networks. Appl Soft Comput 10 (1), 261, 2010.

21. VASAN A., SIMONOVIC S. Optimization of water 
distribution network design using differential evolution. J 
Water Resour Plan Manag 136 (2), 279, 2010.

22. YAZDANI A., APPIAH R., AND JEFFREY P. Resilience 
enhancing expansion strategies for water distribution 
systems: A network theory approach. Environmental 
Modelling & Software 26 (11), 1574, 2011.

23. CHAGWIZA G., JONES B.C., HOVE-MUSEKWA S.D. 
Optimisation of total water coverage in a network with 
priority using max-min ant system algorithm. Urban Water 
Journal, 14 (3), 315, 2017.

24. RANGEL H.R., PUIG V., FARIAS R.L., FLORES J.J. 
Short-term demand forecast using a bank of neural network 
models trained using genetic algorithms for the optimal 
management of drinking water networks. Journal of 
Hydroinformatics, 19 (1), 1, 2017.

25. AVILA-MELGAR E.Y., CRUZ-CHÁVEZ M.A.,  
MARTINEZ-BAHENA B. General methodology for 
using Epanet as an optimization element in evolutionary 
algorithms in a grid computing environment for water 
distribution network design. Water Science and Technology: 
Water Supply, 17 (1), 39, 2017.

26. AMIRKHANI M., BOZORG-HADDAD O.,  
AZARNIVAND A., LOÁICIGA H.A. Multiobjective 
Optimal Operation of Gated Spillways. Journal of Irrigation 
and Drainage Engineering, 143 (2), 2016.

27. GAO J., QI S., NAN J., CHEN C. Leakage control of multi-
source water distribution system by network partition and 
optimal pump schedule in China. Journal of Water Supply: 
Research and Technology-Aqua, 66 (1), 62, 2017.

28. BOZORG-HADDAD O., GHAJARNIA N., SOLGI M., 
LOÁICIGA H.A., MARIÑO M.A. Multi-objective design 
of water distribution systems based on the fuzzy reliability 
index. Journal of Water Supply: Research and Technology-
Aqua, 66 (1), 36, 2017.

29. MAKAREMI Y., HAGHIGHI A., GHAFOURI H.R.  
Optimization of Pump Scheduling Program in Water  
Supply Systems Using a Self-Adaptive NSGA-II; a 
Review of Theory to Real Application. Water Resources 
Management, 31 (4), 1283, 2017.

30. WANG Q., SAVIĆ D.A., KAPELAN Z. GALAXY: A new 
hybrid MOEA for the optimal design of Water Distribution 
Systems. Water Resources Research, 53 (3), 1997, 2017.

31. MOOSAVIAN N., LENCE B.J. Nondominated Sorting 
Differential Evolution Algorithms for Multiobjective 
Optimization of Water Distribution Systems. Journal of 
Water Resources Planning and Management, 143 (4), 2016.

32. DÍAZ S., MÍNGUEZ R., GONZÁLEZ J. Topological 
Observability Analysis in Water Distribution Systems. 
Journal of Water Resources Planning and Management, 
143 (5), 2017.

33. YAZDI J., MORIDI A. Interactive Reservoir-Watershed 
Modeling Framework for Integrated Water Quality 
Management. Water Resources Management, 31 (7), 2105, 
2017.

34. PECCI F., ABRAHAM E., STOIANOV I. Penalty and 
relaxation methods for the optimal placement and operation 
of control valves in water supply networks. Computational 
Optimization and Applications, 67, 1, 2016.

35. DE PAOLA F., GALDIERO E., GIUGNI M. Location and 
Setting of Valves in Water Distribution Networks Using a 
Harmony Search Approach. Journal of Water Resources 
Planning and Management, 143 (6), 2017.

36. ALEXIOU D., TSOUROS C. Design of an Irrigation  
Network System in Terms of Canal Capacity Using Graph 
Theory. Journal of Irrigation and Drainage Engineering, 
143 (6), 2017.

37. LENCE B.J., MOOSAVIAN N., DALIRI H. Fuzzy  
Programming Approach for Multiobjective Optimization 
of Water Distribution Systems. Journal of Water Resources 
Planning and Management, 143 (7), 2017.

38. ISLAM N., SADIQ R., RODRÍGUEZ M.J. Optimizing  
Locations for Chlorine Booster Stations in Small Water 
Distribution Networks. Journal of Water Resources 
Planning and Management, 143 (7), 2017.

39. SEBBAGH K., SAFRI A., ZABOT M., NARBEY O. 
Prelocalization approach of physical losses on a water  
distribution network by optimization of the hydraulic model 
using an evolutionary algorithm. Houille blanche-revue 
internationale de l eau, 6, 59, 2016.

40. MORA-MELIÀ D., GUTIÉRREZ-BAHAMONDES J. 
H., IGLESIAS-REY P.L., MARTÍNEZ-SOLANO F.J.  
Efficiency Criteria as a Solution to the Uncertainty in the 
Choice of Population Size in Population-Based Algorithms 
Applied to Water Network Optimization. Water, 8 (12), 583, 
2016.

41. DO N.C., SIMPSON A.R., DEUERLEIN J.W., PILLER, 
O. Calibration of Water Demand Multipliers in Water  
Distribution Systems Using Genetic Algorithms. Journal of 
Water Resources Planning and Management, 142 (11), 2016.


