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Abstract
Leakage from water distribution networks (WDNs) is inevitable. Therefore, during design a WDN, engineers add a percent-
age of each nodal water demand as leakage discharge to total node demand. The amount of leakage depends on the pressure, 
which is not known at the design stage. Considering a constant percentage of node demand in lieu of its leakage makes the 
problem worse. In this study, the effect of leakage on the optimal WDN design was investigated by developing the matrix 
form of the gradient algorithm while accounting for leakage using the pressure-dependent model. Non-dominated genetic 
algorithm version II (NSGA-II) was used as the optimization engine with two objectives which includes minimizing the 
network construction cost and minimizing the total network pressure deficiency. Two well-known two- and three-loop WDNs 
in literature were studied. The results indicated that the pressure-dependent leakage varies between 12.9 and 29.44% of the 
node demand while the network construction cost stays the same if compared with the fixed percentage leakage model, and 
the construction cost would increase by 17–31%, if leakage is not accounted for. This is expected the optimized diameters 
and hydraulic characteristics of the networks being affected by the leakage calculation method.

Keywords  Drinking water distribution network · NSGA-II method · Pressure-dependent leakage · Optimal design · Least-
cost analysis

Introduction

For many reasons, some damages will be visible in water 
supply projects after start of operation. Urban drinking 
WDNs, which have been one of the most important infra-
structures of urbanization in all human civilizations, are not 
exempted from this rule. During operation and across the 
time, the effects of damages will appear in WDNs in vari-
ous forms, including leakage from pipelines. However, the 
most important and obvious issue caused by the leakage is 
the increase in water loss, waste of resources, and increase 
in costs as a result. In the general design of drinking WDNs, 
leakage is usually considered as an acceptable percentage 
of the total per capita consumption for the design horizon at 
each consumption node (Swamee and Sharma 2008), but the 

leakage flow rate is always a function of the pressure in the 
pipeline at the location of the leak. Therefore, considering 
the amount of leakage as a function of the pressure in the 
WDNs at the beginning of calculations and then optimizing 
the network in terms of economy and pressure will be more 
consistent with the hydraulic concept of WDNs. Several 
researches have been conducted regarding the importance 
of leakage and the imposition of unwanted costs due to leak-
age in urban WDNs.

Van Zyl and Clayton (2007) investigated the effect of 
pressure on leakage from the WDNs. They analyzed four 
factors include hydraulic of leakage, pipe type, soil hydrau-
lics, and water demand, which can more affect the amount 
of leakage. They found that transient flows can be one of the 
most influential factors on the leakage rate that can increase 
the leakage coefficient to more than 0.5. Wu et al. (2009) 
presented a method to analyze uncertain loop-node WDNs 
that have pressure-dependent leakage. In this model, the 
discharge of nodes and flows are calculated simultaneously 
using the improved general gradient algorithm. Massari 
et al. (2012) analyzed the flow-pressure-head relationship 
for leakage in polyethylene pipes. It is determined that for a 
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certain pressure, several leakage flow rates can be obtained, 
using the calculated circular diagrams. Also, the viscoelas-
tic property of the pipe affects leakage flow rates. There-
fore, the necessary care should be taken in use of presented 
relations. Roshani and Filion 0(2014) investigated leakage 
management in the WDNs through pressure control in pipes 
using optimization method. The results showed that the used 
method is a flexible technique that can reduce leakage by 
80%. Schowaller and Van Zyl 0(2015) evaluated the leak 
response as a function of pressure based on individual leak 
behavior in WDNs. In this research, the sensitivity analysis 
of different parameters showed that the average pressure and 
the conditions of the system had the greatest effect on the 
leakage. Gupta et al. (2016) designed the WDNs considering 
the pressure as an effective parameter on leakage. The leak-
age was simulated in two ways: flow in the nodes and along 
the pipe. It was found that when the water requirements in 
the nodes along with the leakage from them are considered 
as a function of the pressure, the increase in the diameter of 
the pipes will be inevitable. Reca et al. 0(2017) introduced 
a new method to increase the efficiency of discovery meth-
ods in optimal design of WDNs. The mentioned method 
included reducing the search space by limiting the number of 
diameters that can be used, combining with the genetic algo-
rithm method. Van Zyl et al. 0(2017) presented the classical 
leakage orifice equation for leakage and infiltration modes. 
In this regard, the sign function was placed in order to deter-
mine the direction of the flow passing through the orifice 
that if the head inside the pipe is greater than the outside, 
leakage occurs and vice versa, infiltration occurs. Mala-Jet-
marova et al. 0(2018) reviewed about 120 researches con-
ducted in the last three decades. These researches are about 
the design of improved networks in terms of design timing, 
uncertainty of parameters, water quality, and operational 
limitations. Awe et al. (2020) investigated the analysis and 
optimization of a drinking WDN during a case study. Due to 
their investigation, they were able to reduce the costs related 
to the implementation, operation, and maintenance of the 
WDN by 38%. Berardi and Giustolisi 0(2021) presented a 
model to optimize leakage in WDNs. In this research, the 
leakage is considered as a function of the average pressure 
and the deterioration rate of the pipe. The results showed 
that the leakage distribution in the investigated networks 
did not have much effect on the pressure relief valves, which 
indicates that flow monitoring will be necessary for leakage. 
Maskit and Ostfeld 0(2021) optimized and calibrated leak-
age in WDNs with the help of multi-objective optimization. 
For the networks under study in the research, with the help 
of multi-dimensional and non-linear optimization, a model 
was introduced that provided the optimal pumping program 
in order to minimize the leakage. Rupiper et al. 0(2022) 
using water loss data across four US states and develop a 

model to assess the economically efficient level of losses. 
This model is used to compare the net benefits of several 
proposed water loss regulations and modeling approaches. 
Combining economic and engineering principles, this model 
works efficiently to reduce water losses by 34.7% per year. 
Also, leakage management can lead to water savings that 
generate net economic benefits. Bermúdez et al. (2022) 
propose a model predictive control strategy for pressure 
management and leakage reduction in a water distribution 
system. The effectiveness of the proposed control system 
was studied by different scenarios. This model reaches an 
almost 5% reduction in water losses in WDN.

The review of the literature shows that lots of researches 
have been done on the leakage in WDNs, including meas-
uring and providing relationships for its calculation, and 
analyzing and determining the location of the leakage in 
WDNs. However, this research is focused on the effect of 
pressure on the amount of leakage and how to estimate it on 
the optimal economic design of the WDNs, which shows the 
necessity of the current study. Generally, in the design of 
drinking WDNs, leakage is considered as an acceptable con-
stant percentage of the total water requirement for the year of 
the planning horizon at each consumption node 0(Swamee 
and Sharma 2008), while the leakage discharge is a func-
tion of the pressure in the pipeline at the location of the leak 
(Gupta et al. 2016). Therefore, optimizing the network from 
an economic point of view with considering the leakage as a 
function of the existing pressure at the beginning of calcula-
tions will be more concordance with the existing reality of 
hydraulic of the WDNs.

Methods and materials

The studied area

The studied area is the two-loop water distribution net-
work presented by Alperovits and Shamir (1977) and also 
the three-loop Hanoi presented by Fujiwara and Khang 
(1990). The aforementioned networks have been examined 
by many previous researchers to test and evaluate the mod-
els presented by them (Tospornsampan et al. 2007; Páez 
et al. 2014; Puccini et al. 2016; Reca et al. 2017; Cassio-
lato et al. 2019; Zarei et al. 2022; etc.). As shown in Fig. 1, 
the network of Alperovits and Shamir (1977) consists of 7 
nodes and 8 pipes with the same length of 1000 m, which 
are fed from a reservoir with a water level of 210 m. The 
Hazen–Williams coefficient for all pipes is considered equal 
to 130. The permissible pressure range is between 30 and 60 
mH2O, and the allowed velocity can be changed between 0.3 
and 2.0 m/s. Table 1 shows the commercial diameters and 
their cost per unit of length for the this WDN.
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The three-loop Hanoi network includes 32 nodes and 
34 pipes which fed by a reservoir with a fixed head of 100 
mH2O. The minimum required head in this network is 30 
mH2O (Vasan and Simonovic 2010). The available commer-
cial diameters for this network are 6 diameters with sizes of 
12, 16, 20, 24, 30, and 40 inches. The cost per unit of length 
is calculated by 1.1 ∗ D1.5 in dollars (Vasan and Simonovic 
2010).

Network analyzer model

To analyze the flow rate and pressure in the pipes and nodes 
of the drinking WDNs, the matrix form of the Gradient 
Algorithm method is used (Todini and Pilati 1988):

where

(1)
|||||
A11 A12

A21 0

|||||
|||||
Q

H

|||||
=
|||||
−A10H0
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|||||
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|||
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A12 is the pipe connection matrix that shows the con-
nection of each pipe with the unknown nodes of the sys-
tem. This matrix has dimensions of np rows and nn col-
umns, where np is the number of pipes and nn is the 
number of nodes with unknown heads. The arrays of this 

matrix are defined as follows: A12i,j =

⎧
⎪⎨⎪⎩

1

−1

0

.

“1” for the case where the flow of pipe i enters node j, 
“−1” for the case when the flow of pipe i leaves node j, and 
“0” means that pipe i is not connected to node j. Matrix 
A21 is the transpose of matrix A12.

Matrix A10 is the node connection matrix with a spe-
cific head that shows the connection of each node with the 
pipes of the system. This matrix has dimensions of np rows 
and no columns, where no is the number of nodes with 
specific heads. The arrays of this matrix are defined simi-
larly to the A12 matrix, but for the node with a specific 
head. H0 is the head matrix for nodes with fixed head, H 
is the head matrix for unknown nodes, Q is the pipe flow 
matrix and q are the demand flow matrix. The coefficient R 
depends on the characteristics of the pipe, which is defined 
according to the Hazen–Williams equation as follows:

Fig. 1   Networks studied in this research: a the two-loop WDN presented by Alperovits and Shamir (1977) and b the three-loop WDN of Hanoi 
presented by Fujiwara and Khang 0

Table 1   Available commercial 
diameters and cost per meter in 
two- loop WDN

Diameter (in) 1 2 3 4 6 8 12 10 14 16 18 20 22 24

Cost (Dollar/m) 2 5 8 11 16 23 50 32 60 90 130 170 300 550
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In this equation, w is the coefficient of the Hazen–Wil-
liams, for which values between 10.5088 and 10.9031 are 
presented in the metric system (Savic and Walters 1997; 
Tospornsampan et al. 2007). In this research, this value is 
considered equal to 10.6670. L is the length of the pipeline 
in meters, C is the Hazen coefficient, and D is the inner 
diameter of the pipe in meters.

The output flow matrix from node q is considered as 
the sum of two parts: the discharge of the actual demand 
of consumers and the value of the node's portion from 
the network leakage. Various relationships are provided to 
estimate and calculate the leakage from each node i(qs, i). 
Here the relationship provided by Fontana et al. 0(2017) 
is used:

where CBL,i is the leakage coefficient, which is a function of 
the served population (Abi), the material coefficient of the 
pipes connected to the node (cm,i), and the proportionality 
coefficient (α). The pressure head power of the node n and 
the coefficient α are obtained by minimizing the difference 
between the measured and calculated leakage. The values 
of α = 3.2 × 10–5 and n = 0.72 are presented by Fontana et al. 
0(2017)0. After simplification, the matrix of head in nodes 
and flow in pipes for the next iteration is summarized as 
follows:

where N−1 is the inverse of the diagonal matrix N:

where n will be the power of discharge in the relation of 
friction loss ( hf = H − Hj = RiQi

n ) (Todini and Pilati 1988).
Assuming initial values Qk for pipe flow and solving 

Eq. 5, head values in unknown nodes are calculated in the 
next iteration. Then, by substituting these values in Eq. 7, 
the flow rate of the pipes will be obtained in the next itera-
tion. The new values replace the assumed values and the 
calculations are repeated. The calculation ends when the 
sum of squares of the differences between the new values 

(3)hf = RQn

(4)R = w × L × (
1

C
)1.852D−4.87
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and the previous guess values is less than a certain value 
determined by the user. A numerical model was developed 
by Visual Basic programming language based on men-
tioned method.

Optimizer model

NSGA-II multi-objective optimization is actually an algo-
rithm for solving the optimization problem using the Non-
dominated Sorting Genetic Algorithm method, which is 
based on the Genetic Algorithm (GA). In this method, 
like the GA, an initial population of decision variables 
is created randomly in the virtual space. Each member 
of this population, which includes a set of decision vari-
ables, is called a chromosome. The values of objective 
functions are calculated for each chromosome. Then, the 
population is classified based on non-dominant sorting 
criteria, in such a way that the members in the first cat-
egory are a group that is not defeated by other members 
of the current population. The members in the second 
category were defeated only by the members of the first 
category on the same basis, and this process continued in 
the same way in other categories until all the members in 
each category were assigned a rank based on the category 
number. This rank is the basis of non-dominated ranking. 
The control parameter of the crowding distance for each 
member within each category is calculated using the fol-
lowing objective functions:

where k is the number of the member, dj (k) is the distance 
of the member swarm, k−1 and k + 1 are the numbers of the 
neighboring members of the desired member in the corre-
sponding category, fi is the i-th objective function, and fmax

i
 

and fmin
i

 are the maximum and minimum of function i in 
the desired category, respectively. The crowding distance 
parameter shows a measure of the proximity of a member 
to other members of the population in each category. Now, 
the internal members of each category are sorted based on 
the crowding distance criteria. In this way, the member with 
a higher dj value is placed in a higher rank in the category. 
In the next step, a new generation of chromosomes is pro-
duced using one of the methods of selecting parents and 
applying gene exchange to replacing the bad chromosomes. 
After that, the convergence criterion is controlled. If the GA 
chromosomes in the Pareto front are sufficiently similar to 
each other, the optimization ends; otherwise, the algorithm 
is repeated with a new population. After the completion of 
the optimization, Pareto optimal answers are obtained which 
are the members of the first category in the population of 

(9)dj(k) =

2∑
i=1

fi(k − 1) − fi(k + 1)

fmax
i

− fmin
i
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answers. By using these answers, it is possible to choose the 
right answer by considering the values of the objective func-
tions at the desired level, from the Pareto front (Deb et al. 
2002). So, NSGA-II cost–benefit optimization has been done 
with two goals presented in Eq. 10 and 11:

Li is the length of pipe i, Cpi is the cost per unit of pipe 
length which is a function of pipe diameter D, Np is the 
number of pipes, coefficients P1 to P3 are the penalty coef-
ficient for violating the limits. Also, maxv , minv and maxp is 
the violation from the maximum allowable velocity, mini-
mum allowable velocity and maximum allowable pressure, 
respectively. In Eq. 11, which represents the total pressure 
deficit in the network, Hmin is the minimum allowable pres-
sure of the system, Hjun(i)

 is the pressure at node i and Nj is 
the number of unknown nodes. In order to cost–benefit opti-
mal design of the WDNs, the NSGA-II multi-objective opti-
mizer and network analyzer codes were prepared and linked 

(10)

min ∶ F1 =

Np∑
i=1

Li × Cpi + P1 ×max
v

+P2 ×min
v

+P3 ×max
p

(11)min ∶ F2 =

Nj∑
i=1

max
(
(Hmin − Hjun(i)), 0

)

to each other in the Visual Basic programming language. All 
desired inputs, such as network geometric specifications, 
pipe diameter, network layout, etc., are prepared in the Excel 
and called from the developed numerical model (Fig. 2).

Results

Optimum design of two‑loop WDNs: 
without leakage

According to Alperovits and Shamir (1977) information 
(Fig. 1 and Table 1) and running the model, the values of 
optimal diameter, cost of network construction, and hydrau-
lic characteristics of the optimal network were obtained. As 
seen in Fig. 3, a set of solutions has been obtained accord-
ing to the NSGA-II optimization method and the created 
Pareto front. Here is a desired solution in which the value of 
the second objective function, i.e., the sum of the allowable 
pressure deficit, reaches zero and the value of the first objec-
tive function has the lowest value. Although it is possible to 
find the optimal solution using single-objective optimization 
methods such as the genetic algorithm, however, due to the 
time-consuming calculations (Sect. “Assessment of solution 
characteristics”), the NSGA-II multi-objective optimization 

Calculation 
of objective 
functions 

and 
constraints 
(NSGA-II)

End of
calculations

Reading the initial 

parameters 

End

no

Hydraulic Model

Production of a 

new generation

yes

Performing 

hydraulic 

calculations 

(matrix form of 
the Gradient 

Algorithm 
developed)

Print optimal 

results

Optimizer Model

Start

Formation of the initial population from 

the available pipe diameters

Fig. 2   General process of WDNs cost–benefit optimizer calculations
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was used while the second objective function was used to 
shift to the zero.

Using NSGA-II model and parameters presented in 
Table 2, the front of non-dominant solutions was finally 
obtained, which are shown in Fig. 3. Based on technical 
judgments, the appropriate answer can be chosen from the 
Pareto front by keeping the values of the objective functions 
at desired level. However, since the solutions in which the 
total pressure deficit is close to zero are considered, the solu-
tion (F1 = 418,000 $, F2 = 0.10 mH2O) can be mentioned 
as the optimal solution. In other words, the first answer in 
which the sum of the pressure deficit reaches zero or close 
to it is the basis of selection. This solution has the smallest 
distance from the coordinate origin on the horizontal axis. 
The values of optimized diameters, flow velocity in pipes, 
and pressure in nodes for optimal solution from the Pareto 

front are presented in Table 3. The result shows all the veloc-
ity values are within the allowed range, i.e., between 0.3 and 
2.0 m/s. It is noted that the negative values of the calculated 
velocity mean that the direction of the calculated flow is the 
opposite of what was assumed at the beginning of the simu-
lation. Also, the pressure values only in node No. 7 exceed 
the allowable limit by 0.07 mH2O.

So far, various researches have been done on two-loop 
Alperovits and Shamir (1977) network 0(Ekinci and Konak 
2009) and these researches are more about optimization, 
artificial intelligence or statistical analysis. Most of the 
meta-exploration methods have estimated the construction 
cost of about 419,000 $ for the mentioned WDN (Savic and 
Walters 1997; Cunha and Sousa 1999; Cunha and Ribeiro 
2004; Tospornsampan et al. 2007) and the values obtained 
in the present study are also in the same range.

Optimum design of two‑loop WDNs: with leakage

Pressure‑dependent leakage

Assuming that leakage from the network is related to the 
pressure head of the node from Eq. 5, the matrix form of 
the gradient algorithm was modified to include the amount 
of pressure-dependent leakage in addition to the actual 
demand of the node. Considering the node pressure as 
unknown at the beginning of the calculations, in an itera-
tion process for each member of the decision variable 
population, the pipes flow rate, the pressure in the nodes, 
and the leaked discharges are also calculated at the same 
time. Again, by considering the parameters presented in 
Table 4 and using NSGA-II optimizer model, the front of 
non-dominant solutions was finally obtained, which are 
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Fig. 3   Front of the non-dominated solutions of the two-loop no-leak 
WDN

Table 2   NSGA-II parameters used for optimal design of two-loop no-
leak WDN

Variable number 8
Number of chromosomes 25
The number of repetitions 50
Mutation probability 0.05
Intersection coefficient 1
Penalty coefficients P1 and P2 1 × 1030

Penalty factor of P3 1 × 1010

Table 3   Optimal characteristics 
results by the NSGA-II for two-
loop no-leak WDN

Pipe number 1 2 3 4 5 6 7 8

Optimum diameter (in) 18 14 14 2 14 4 14 10
Velocity in the pipe (m/s) 1.896 1.526 1.328 0.428 0.984 −0.738 1.246 −0.979
Node number 1 2 3 4 5 6 7
Pressure at node (mH2O) 60.00 53.25 37.20 43.57 43.04 30.89 29.10

Table 4   NSGA-II parameters used for optimal design of two-loop 
with pressure-dependent leak WDN

Variable number 8
Number of chromosomes 75
The number of repetitions 50
Mutation probability 0.15
Intersection coefficient 1
Penalty coefficients P1 and P2 1 × 1010

Penalty factor of P3 1 × 1035
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shown in Fig. 4a. The solution (F1 = 490,000 $, F2 = 0.03 
mH2O) in which the function of the total pressure deficit 
is close to zero, was chosen as the final solution, from the 
total solutions created. The values of optimized diameters, 
flow velocity, pressure, leakage values from the nodes and 
the coefficients of the leakage relationship considered for 
optimal solution from the Pareto front are presented in 
Table 5. All the velocity values are within the allowed 
range, i.e., between 0.3 and 2.0 m/s. Also, the pressure 
values only in node No. 7 exceed the permissible limits 
by 0.05 mH2O.

The results in Table 5 show that the calculated leakage 
values in the nodes vary between 12.9 and 19.9% of node 
demand in nodes No. 7 and No. 2, respectively. The aver-
age of these values is approximately equal to the maximum 
value recommended to WDNs design. This amount is vari-
able for different countries, and each organization has its 
own standards. In Iran, this value is 15% (Publication No. 
117–3, 2019) that is used here for calculations. It should be 
noted that the product of the material coefficient of the pipes 
connected to the node (cm,i) and the proportionality coeffi-
cient (α) in Eq. 5 is set in such a way that the total amount of 
network leakage is equal to 15% of the actual network water 
requirement. The served population (Abi) where used in the 

model was calculated according to the actual node demand 
for each node.

The results showed that considering an average of 15% 
leakage for this two-loop WDN has increased the cost from 
about 418,000–490,000$. In other words, about 17% of 
the construction cost has been added. This issue shows the 
importance of paying attention to the reduction in leakage 
in WDNs. In this particular case, each one percent reduction 
in WDN leakage reduces the cost of WDN construction by 
about one percent. This amount is apart from reducing in 
cost of water losses.

Fixed leakage

In this case, to determine the water demand in a node, a fixed 
amount of 15% of the actual demand of each node was added 
as leakage to the output of the node. The value of NSGA-II 
parameters used for the optimal design of the WDN is also the 
same as the values mentioned in Table 4, but the best results 
obtained by 75 iterations. The generated non-dominant solu-
tion fronts are shown in Fig. 4-b. The solution (F1 = 491,000 
$, F2 = 0.00 mH2O) in which the total pressure deficit function 
is equal to zero was selected as the final solution from the total 
of created solutions. The results show that in both cases of fix 

Fig. 4   Front of non-dominant 
solutions of two-loop WDN: a. 
pressure-dependent leakage and 
b. constant leakage
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Table 5   Optimal characteristics 
results by the NSGA-II for two 
loops with pressure-dependent 
leak WDN

*CBL,i = αcm,iAbi

Pipe number 1 2 3 4 5 6 7 8

Optimum diameter (in) 20 14 16 2 14 8 12 10
Pipe speed (m/s) 1.767 1.475 1.375 1.214 1.377 −1.022 1.567 −0.584
Node number 1 2 3 4 5 6 7 sum = 1120
Pressure at node (m) 60.00 54.76 39.08 45.49 41.46 30.49 29.95
Node demand (m3/hr) 0 100 100 120 270 330 200
Leakage flow ratio to 

node demand (%)
0 19.9 15.6 17.3 16.3 13 12.9

*CBL,i (× 10–4) 0 3.08 3.08 3.70 8.32 10.16 6.16
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and pressure-dependent leakage, the amount of cost is almost 
the same. However, as shown in Table 6, the contribution of 
the amount of leakage from the nodes is different in both cases. 
For example, in node No. 2, the amount of pressure-dependent 
leakage is equal to 19.87 m3/hr, which is about 32.46% more 
than the constant leakage amount of 15 m3/hr, while in node 
No. 6, this value is about 14.2% lower. The values of the diam-
eter and velocity in the pipes and the pressure in the nodes for 
“a” and “b” states in Table 6 show this issue can affect the 
geometric–hydraulic characteristics of the WDNs.

Optimum design of three‑loop WDNs: 
without leakage

In order to check the capability of the prepared model, 
a more complex and three-loop Hanoi WDN which is 
a prominent network in the literature (Savic and Walters 
1997; Cunha and Sousa 1999; Cunha and Ribeiro 2004; 
Tospornsampan et al. 2007) was optimized. Using the value 
of parameters presented in Table 7 for NSGA-II, the created 

Pareto front is shown in Fig. 5. Since the solutions in which 
the total pressure deficit is close to zero are considered, the 
solution (F1 = 6,175,232 $, F2 = 0.0 mH2O) was chosen as 
the optimal solution. Most of past studies have estimated 
the cost of about 6,100,000 $ for the mentioned WDNs 
(Savic and Walters 1997; Cunha and Sousa 1999; Cunha and 
Ribeiro 2004; Tospornsampan et al. 2007), and the values 
obtained in the present research are also in the same range. 
In order to comparison with other methods, the values of 
the optimized diameters and the pressure in the nodes for 
this solution in the Pareto front are presented in discussion 
section by Tables 12 and 13, respectively.

Optimum design of three‑loop WDNs: with leakage

Pressure‑dependent leakage

Assuming a pressure-dependent leakage, the front of non-
dominant solutions was obtained from model, which is 
shown in Fig. 6a. From the total solutions created, the solu-
tion (F1 = 8,094,154 $, F2 = 0.0 mH2O) in which the function 
of the total pressure deficit is close to zero was selected as 
the final solution. The values of the optimized diameters, 
velocity, pressure, leakage values from the nodes, and the 
coefficients of the leakage relationship for this optimal solu-
tion are provided in Tables 8 and 9. It can be seen that the 
pressure of all the nodes is more than the minimum allowed, 
i.e., 30 mH2O. The calculated leakage values in the nodes 
vary between 44.29% of node demand in node No. 2 and 
12.71% in node No. 13. Here too, the product of the material 
coefficient of the pipes connected to the node (cm,i) and the 
proportionality coefficient (α) in Eq. 3 is set to the 15% of the 
actual network demand for total amount of network leakage. 
The serviced population (Abi) was calculated according to 
the actual node demand for each node and used in the model.

Fixed leakage

Assuming that the leakage in each node is equivalent to 
15% of the node's demand, the calculations were per-
formed. Finally, the front of non-dominated solutions was 

Table 6   Effect of the leakage 
calculation method on 
the geometric–hydraulic 
characteristics of WDN

* a pressure-dependent leakage, *b constant leakage

Pipe number 1 2 3 4 5 6 7 8

Optimum diameter (in) *a 20 14 16 2 14 8 12 10
*b 20 14 14 6 14 2 14 14

Pipe flow velocity (m/s) *a 1.767 1.475 1.375 1.214 1.377 −1.022 1.567 −0.584
*b 1.766 1.694 1.587 0.876 1.04 1.05 1.373 −0.665

node number 1 2 3 4 5 6 7
pressure at node (m) *a 60 54.76 39.08 45.49 41.46 30.49 29.95

*b 60 54.77 37.42 43.25 42.44 30.28 31.14

Table 7   NSGA-II parameters 
used for optimal design of three 
loops with no-leak WDN

Variable number 34
Number of chromosomes 34
The number of iterations 500
Mutation probability 0.02
Intersection coefficient 0.9
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Fig. 5   Front of non-dominant solutions of three-loop no-leak WDN
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obtained (Fig. 6b) and the solution (F1 = 8,079,432 $, 
F2 = 0.0 mH2O) in which the total pressure deficiency is 
zero was selected. The obtained diameters and pressure in 
the nodes for this answer are presented in Tables 10 and 
11, respectively. Also, in order to compare the results with 
the values of the optimal diameters and pressures for the 
variable leakage mode, they are given in these tables. The 
cost of WDN construction considering constant and vari-
able leakage is 8079432 $ and 8,094,154 $, respectively, 
which is estimated to be almost the same. However, pipes 

number 14, 15, 21, 22, 25, 32 and 33 has different diam-
eters in two mentioned cases. The maximum calculated 
pressure difference of the nodes is also limited to less than 
one meter.

The results of the calculations showed that in compari-
son with no-leak situation, considering an average of 15% 
leakage for the aforementioned three-loop WDN, the cost 
increased from 6,175,232 $ to 8,079,432 $, which means 
that about 31% was added to the construction cost. Fur-
thermore, as commercial aspect, constant leakage or vari-
able leakage doesn’t make sense generally, but the physical 

Fig. 6   Front of non-dominated 
solutions of three-loop WDN: a. 
variable leakage and b. constant 
leakage
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Table 8   Optimal diameter calculated by the NSGA-II model for three-loop pressure-dependent leakage Hanoi WDN

Pipe number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Optimum diameter (in) 40 40 40 40 40 40 40 40 30 40 40 30 24 40 20 40 40
Flow velocity (m/s) 7.88 7.49 2.47 2.42 2.13 1.74 1.21 0.99 1.4 0.77 0.58 0.65 –0.54 –0.43 –2.17 1.44 1.78

Pipe number 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Optimum diameter (in) 40 40 40 20 30 40 24 24 24 24 30 20 20 12 20 24 24
Flow velocity (m/s) 2.32 2.35 2.32 2.19 0.33 1.27 1.54 0.65 0.78 1.75 1.38 1.19 0.74 0.49 −0.38 0.38 1.25

Table 9   Optimal pressure calculated by the NSGA-II model for three-loop pressure-dependent leakage Hanoi WDN

* CBL,i = αcm,iAbi

Node number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Pressure at node (m) 100 96.27 50.55 46.63 41.82 37.03 36.01 35.04 34.36 32.66 32.18 31.83 30.05 33.04 33.12 37.33
Node demand (m3/hr) 0 890 850 130 725 1005 1350 550 525 525 500 560 940 615 280 310
Leak flow ratio to 

node demand (%)
0 29.44 18.5 17.42 16.14 14.77 14.51 14.22 14.03 13.49 13.4 13.27 12.71 13.62 13.66 14.85

*CBL,i (× 10–4) 0 27.16 25.92 3.95 22.11 30.61 41.21 16.78 16.04 15.98 15.29 17.09 28.64 18.75 8.55 9.44

Node number 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Pressure at node (m) 41.7 45.86 48.96 42.03 30.35 30.27 38.69 34.62 33.75 34.53 35.78 34.9 32.82 31.39 31.43 31.64
Node demand (m3/hr) 865 1345 60 1275 930 485 1045 820 170 900 370 290 360 360 105 805
Leak flow ratio to 

node demand (%)
16.12 17.26 18.2 16.19 12.8 12.82 15.27 14.1 13.93 14.08 14.42 14.21 13.6 13.1 13.14 13.19

*CBL,i (× 10–4) 26.39 41.04 1.84 38.85 28.33 14.83 31.88 25.03 5.22 27.48 11.28 8.87 11.01 10.95 3.2 24.53
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and hydraulic properties of WDN were affected by type 
of leakage.

Discussions

Sensitivity analysis of affecting factors and important char-
acteristics of optimization will be considered and compared 
in this section. In the following, the characteristics and pro-
ductivity of NSGA-II multi-objective optimization method 
in accuracy and time of solution will be evaluated. Finally, 
the amount of increase in the cost of WDN construction will 
be investigated and compared in different leakage modes 
separately.

Sensitivity analysis

The resistance coefficient in friction loss equations is one of 
the factors that have uncertainty about it. This coefficient, 
which depends on the pipe's material, flow conditions, etc., 
changes along the time. Therefore, in order to consider the 
effect of its changes on the flow conditions, and especially 
the total leakage from the network, a sensitivity analysis 
of the leakage amount against the changes of this param-
eter was performed. In Table 12, pressure-dependent leak-
age values from the nodes are given for different values of 
the Hazen–Williams coefficient for the two-loop network. 
In general, the amount of leakage from the network nodes 
increases with the increase in Hazen–Williams coefficient 

due to the decrease in friction loss and increase in the pres-
sure. Figure 7 shows when the value of Hazen–Williams 
coefficient increases or decreases 11.5%, the total amount 
of leakage in the network increases and decreases by 4.66% 
and 7%, respectively. In other words, the decrease in leakage 
is greater than the increase in leakage for certain changes in 
the Hazen–Williams coefficient.

Also, leakage values in different nodes for different values 
of Hazen–Williams coefficient are presented in Table 13 for 
Hanoi three-loop network. The changes in the total amount 
of leakage versus the changes in Hazen–Williams coeffi-
cient are presented in Fig. 8 The progression of changes 
is the same as the two-loop network that was explained 
before. However, in this network, with an 11.5% increase 
or decrease in friction coefficient, the total amount of leak-
age increases and decreases by 16.33%, and about 22%, 
respectively.

Another factor affecting the amount of leakage from the 
network is the nodal demand. Figures 9 and 10 show the 
changes in the amount of leakage from the network against 
the changes in nodal demand for two-loop and three-loop 
networks, respectively. It can be seen in the two-loop net-
work, with a 100% increase in the network demand, the 
amount of leakage from the network has decreased by about 
65%. As the demand of the network increases, the amount 
of flow in the pipe and the head loss in the system increases, 
as a result. Therefore, the pressure decreases in the network, 
and consequently, the total amount of network leakage is 
decrease. On the contrary, the total amount of leakage has 
increased with the reduction in the network demand. So 
that with a 100% decrease in the network demand, the total 

Table 10   Comparison of the optimal diameters of the three-loop WDN calculated with constant leakage and variable leakage

Pipe number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Optimum diam-
eter (in) (vari-
able leakage)

40 40 40 40 40 40 40 40 30 40 40 30 24 40 20 40 40

Optimum 
diameter (in) 
(constant leak-
age)

40 40 40 40 40 40 40 40 40 40 40 30 20 24 30 40 40

Pipe number 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Optimum diam-
eter (in) (vari-
able leakage)

40 40 40 20 30 40 24 24 24 24 30 20 20 12 20 24 24

Optimum 
diameter (in) 
(constant leak-
age)

40 40 40 24 12 40 24 16 24 24 40 20 20 12 30 20 24
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amount of leakage from the network has increased by 26.4%. 
Figure 10 indicates that with a 50% increase or decrease in 
demand of the three-loop network, the total amount of leak-
age from the network has decreased and increased by about 
45% and 84%, respectively.

Comparison of leak discharge in different condition

As mentioned earlier, to design of WDNs, the leakage values 
are included as a part of nodal water requirement. Figure 11 
shows the comparative chart for values of nodal leakage 
in constant and pressure-dependent condition for two- and 
three-loop WDNs. It is clear that they have different amounts 
in nodes and it just follows the physical and hydraulic condi-
tion of WDNs and a general rule cannot explain it. Despite 
this, the results of this study show the total leak discharge 
of two- and three-loop WDNs in fixed and pressure-depend-
ent form is almost the same. The total amount of fixed and 
pressure-dependent leakage for two- and three-loop WDNs 
is calculated 168.00–168.88 m3/hr and 2991.0–3061.1 m3/
hr by NSGA-II optimizer model, respectively. It means to 
design a WDN, engineers can consider the average of nodal 
discharge as a constant multiplier of nodal water require-
ment by a very good approximation (i.e., 15%). Pressure-
dependent calculations and optimization affect the physical 
and hydraulic condition of WDN.

Comparison of costs and solution characteristics

In the following, the costs of WDN construction and solu-
tion characteristics like run time of model and number of 
iterations will compare.

Cost changes of WDNs with leak

The construction cost of two well-known two- and three-
loop WDN in no-leak, constant leak, and pressure-dependent 
leak condition was calculated in previous. Table 14 shows 
these results simultaneously. It is obvious that constant and 
pressure-dependent leak condition have almost the same 
effect on WDNs construction cost. As mentioned before, the 
two- and three-loop WDNs have about 17–31% increase in 
construction cost by considering leakage in optimal design 
process, respectively.

Ta
bl

e 
11

  
C

om
pa

ris
on

 o
f n

od
al

 p
re

ss
ur

e 
in

 o
pt

im
al

 th
re

e-
lo

op
 W

D
N

 c
al

cu
la

te
d 

w
ith

 c
on

st
an

t l
ea

ka
ge

 a
nd

 v
ar

ia
bl

e 
le

ak
ag

e

N
od

e 
nu

m
be

r
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16

Pr
es

su
re

 (m
H

2O
) (

va
ria

bl
e 

le
ak

)
10

0
96

.2
7

50
.5

5
46

.6
3

41
.8

2
37

.0
3

36
.0

1
35

.0
4

34
.3

6
32

.6
6

32
.1

8
31

.8
3

30
.0

5
33

.0
4

33
.1

2
37

.3
3

Pr
es

su
re

 (m
H

2O
) (

fix
ed

 le
ak

)
10

0
96

.3
50

.3
5

46
.3

8
41

.5
1

36
.6

4
35

.6
34

.6
33

.9
33

.4
7

32
.9

7
32

.6
30

.7
7

34
.4

35
.4

6
36

.0
6

N
od

e 
nu

m
be

r
17

18
19

20
21

22
23

24
25

26
27

28
29

30
31

32

Pr
es

su
re

 (m
H

2O
) (

va
ria

bl
e 

le
ak

)
41

.7
45

.8
6

48
.9

6
42

.0
3

30
.3

5
30

.2
7

38
.6

9
34

.6
2

33
.7

5
34

.5
3

35
.7

8
34

.9
32

.8
2

31
.3

9
31

.4
3

31
.6

4
Pr

es
su

re
 (m

H
2O

) (
fix

ed
 le

ak
)

40
.9

45
.4

48
.6

8
42

.1
8

37
.2

30
.5

2
39

.1
2

35
.9

8
32

.8
8

34
.0

7
35

.6
1

34
.9

8
32

.6
30

.3
6

30
.3

6
30

.8
1



	 Applied Water Science (2023) 13:92

1 3

92  Page 12 of 16

Assessment of solution characteristics

A Non-dominated Sorting Genetic Algorithm, NSGA-II, 
as a multi-objective optimizer method is chosen for this 
research, in which pressure deficit function (F2) considered 
to come to zero. Also, we can use a simple optimization 
algorithm like GA. So, why NSGA-II was chosen against 
GA? The answer is fewer amount and time of calculation 
in NSGA-II method that shows itself in number of itera-
tion and run time of model. The solution characteristics for 
NSGA-II and GA are mentioned in Table 15. The calcula-
tions were performed by a computer system with processor 
Intel(R) Core (TM) i7-7500U CPU @ 2.70 GHz, 2904 MHz, 
2 Core(s), 4 Logical Processor(s). The results denote that a 
simple optimization algorithm like GA consumes more time 
and iteration number than NSGA-II method at the same con-
dition. Values of Table 15 illustrate that the multi-objective 
optimizer NSGA-II gives faster solutions than simple GA 
optimizer.

Conclusion

The matrix form of the gradient algorithm method is a 
powerful method in analyzing WDNs. In this research, the 
pressure-dependent leakage term was added to the equa-
tions of the gradient algorithm method. By coupling the 
developed analytical model with the NSGA-II multi-objec-
tive optimization method in the Visual Basic programming 
environment, a computer model was developed by which 
the optimal design of the urban WDNs with pressure-
dependent leakage is carried out. The output of the model 
includes optimal cost of the WDN, the optimal diameters, 
the leakage amount of each node, the pressure values in 
the nodes, and the velocity in the pipes. The results on two 
famous WDNs in the literature showed:

•	 Considering pressure-dependent leakage and an aver-
age of 15% of the nodal demand for fixed leakage, the 
construction cost of two- and three-loop WDNs about 
17% and 31% will increase, respectively.

•	 The amount of calculated leakage in the nodes varies 
between 12.9 and 19.9% and 12.7 and 29.4% of the real 
nodal demand in two- and three-loop WDN, respec-
tively.

•	 The method of considering leakage in WDN calcula-
tions did not have a significant effect on the cost of 
network construction. However, the hydraulic proper-

Table 12   Variation in Hazen–
Williams coefficient on 
pressure-dependent leakage 
(m3/hr) in two-loop WDN

Node number Coefficient of the Hazen–Williams

115 120 125 130 135 140 145

2 19.48 19.6 19.7 19.87 19.88 19.96 20.03
3 14.79 15.07 15.31 15.55 15.72 15.9 16.06
4 20.05 20.32 20.56 20.76 20.98 21.16 21.32
5 40.44 41.67 42.77 43.92 44.63 45.42 46.14
6 39.37 40.67 41.82 42.95 43.78 44.61 45.36
7 22.72 23.81 24.78 25.72 26.41 27.11 27.73

Fig. 7   Variation in network 
leakage versus Hazen–Williams 
coefficient for two-loop WDN
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Table 13   Effect of variation 
in Hazen–Williams coefficient 
on pressure-dependent leakage 
(m3/hr) for three-loop Hanoi 
WDN

Node number Coefficient of the Hazen–Williams

115 120 125 130 135 140 145

2 260.478 260.965 261.417 261.841 262.235 262.598 262.935
3 136.372 143.948 150.861 157.252 163.132 168.476 173.39
4 19.155 20.443 21.614 22.694 23.685 24.583 25.408
5 94.706 102.871 110.251 117.025 123.218 128.819 133.948
6 113.682 126.546 138.084 148.612 158.195 166.829 174.713
7 147.515 165.278 181.178 195.665 208.837 220.695 231.515
8 58.039 65.471 72.110 78.150 83.635 88.569 93.068
9 54.019 61.247 67.693 73.552 78.869 83.647 88.003

10 50.528 58.103 64.830 70.927 76.448 81.403 85.913
11 47.159 54.471 60.958 66.831 72.146 76.912 81.25
12 52.014 60.288 67.619 74.252 80.252 85.632 90.525
13 80.497 95.112 107.991 119.602 130.078 139.452 147.967
14 60.100 68.882 76.689 83.769 90.183 95.941 101.184
15 27.458 31.447 34.994 38.210 41.125 43.742 46.125
16 35.411 39.349 42.883 46.109 49.046 51.692 54.109
17 112.568 122.359 131.205 139.320 146.737 153.443 159.583
18 194.572 208.205 220.586 231.987 242.442 251.919 260.614
19 9.311 9.870 10.379 10.849 11.281 11.673 12.034
20 167.472 181.755 194.67 206.525 217.367 227.172 236.152
21 80.965 95.208 107.79 119.157 129.425 138.621 146.979
22 42.075 49.518 56.093 62.031 67.395 72.198 76.564
23 124.619 137.421 148.937 159.467 169.066 177.727 185.643
24 85.202 96.418 106.425 115.523 123.781 131.205 137.972
25 17.085 19.466 21.587 23.513 25.259 26.827 28.255
26 93.194 105.536 116.546 126.553 135.636 143.800 151.242
27 40.097 44.999 49.385 53.379 57.009 60.276 63.257
28 30.441 34.377 37.891 41.087 43.990 46.600 48.979
29 34.854 40.031 44.63 48.798 52.573 55.960 59.044
30 32.787 38.178 42.948 47.259 51.156 54.648 57.823
31 9.582 11.153 12.542 13.798 14.934 15.951 16.876
32 74.148 86.115 96.711 106.294 114.958 122.724 129.787

Sum 2386.105 2635.030 2857.497 3060.031 3244.093 3409.734 3560.857

Fig. 8   Variation in network total 
leakage versus Hazen–Williams 
coefficient for three-loop Hanoi 
WDN
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Fig. 9   Variation in network total 
leakage versus total demand 
variation for two-loop WDN
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Fig. 10   Variation in network 
total leakage versus total 
demand variation for three-loop 
WDN
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ties of the WDN are affected and some optimized diam-
eters, pressure values in the nodes, and flow velocity in 
the pipes are different.

•	 The leakage coefficient CBL,i in nodes for a two-loop 
WDN varies from 3.08 × 10–4 to 10.16 × 10–4 and 
3.95 × 10–4 to 41.04 × 10–4 for two- and three-loop WDN 
it in the metric system, respectively.
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