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Abstract 

Pressure and residual chlorine concentration are among the key parameters in urban 

water distribution networks that require continuous monitoring and control. These 

networks must ensure that consumer water demands are met with adequate pressure while 

optimizing water quality parameters, such as residual chlorine concentration, to maximize 

service satisfaction. In this study, the Najaf Abad urban water distribution network was 

selected as a real large-scale case study. A simultaneous optimization model was 

developed to determine nodal average pressure, residual chlorine concentration, and 

network combined reliability. The multi-objective optimization problem was solved using 

the NSGA-II algorithm under two extreme water consumption scenarios-maximum and 

minimum water withdrawal during warm and cold seasons. A Pressure-Driven Analysis 

approach was employed to calculate network parameters. Additionally, three objective 

functions were optimized using the NSGA-II multi-objective optimization algorithm. The 

optimal solution was selected from the Pareto front using the TOPSIS method. The 

network under study includes four operational pressure-reducing valves; after determining 

their optimal set pressure values, the average network pressure was reduced by 2.9% 

during ward days and 13.5% during cold days. The average residual chlorine 

concentration did not undergo significant changes however, its further reduction was 

prevented through optimization, effectively achieving this objective as well. Lastly, the 

combined reliability increased by 1.7% and 1.3% for warm and cold days, respectively.
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1. Introduction 
A major challenge in WDNs1 is managing 
seasonal water consumption and pressure 
fluctuations. Networks often experience peak 
pressure on cold winter nights and lowest 
pressure on hot summer afternoons, requiring 
reliable performance under both extreme 
conditions. 

Beyond pressure management, water must 
meet quality standards to ensure public health. 
Maintaining adequate residual chlorine prevents 
pathogen growth and must remain within the 
acceptable range. Various reliability-based 
indices assess water networks' performance and 
resilience. Failures include pump malfunctions, 
leaks, pipe bursts, consumption surges, pressure 
fluctuations, and inadequate residual chlorine 
levels. No system is entirely failure-proof. 
Pressure-reducing valves2 are key components in 
WDNs and must be properly adjusted for optimal 
operation. 

Several studies have addressed the optimal 
placement and pressure settings of PRVs. For 
instance, GA3 and HS4 algorithms were used to 
determine the optimal placement and pressure 
setpoints for PRVs (De Paola et al., 2017). 
Additionally, leakage and energy recovery were 
analyzed using PRVs and Pumps as Turbines5 in 
WDNs (Fernández García et al., 2019). In another 
study, PSO6 and ACO7 were used to optimize 
hydraulic pressure reliability in WDNs by 
determining the number of valves to close and the 
extent of their closure (Dini and Asadi, 2020). 

Patelis et al. (2020) divided a WDN into 
DMAs8, evaluating pressure regulation and 
DMAs' impact on water age, improving quality. 
Pressure management methods such as FO9, 
TM10, and FM11 control in PRVs were 
investigated. Results showed the FM method 
could reduce operational costs by 11%. In another 
study, results showed that the best pressure 
management method depends on water tariff. 
When the tariff is high, RNM12 is optimal, and 
when low, FO and TM methods are best. For 
constant hourly consumption with minimal 
fluctuations, FO is the best method (Koşucu and 
Demirel, 2024). 

Research showed optimization methods and 
algorithms for PRV placement and pressure 
settings, mostly modeled as single-objective and 

 
1 Water Distribution Networks (WDNs) 
2 Pressure- Reducing Valves (PRVs) 
3 Genetic Algorithm (GA) 
4 Harmony Search (HS) 
5 Pumps as Turbines (PATs) 
6 Particle Swarm Optimization (PSO) 
7 Ant Colony Optimization (ACO) 
8 District Metered Areas (DMAs) 
9 Fixed Outlet (FO) 
10 Time Modulated (TM) 
11 Flow-Modulated (FM) 
12 Remote Node Modulated (RNM) 

separate quantitative-qualitative. This study 
modeled it as multi-objective and uses NSGA-II 
to solve it. Real-world data from Najaf Abad's 
WDN was used. Optimal PRV pressure setpoints 
are determined simultaneously using three 
objectives: minimizing average node pressure, 
maximizing average residual chlorine 
concentration, and combining reliability. NSGA-
II and TOPSIS13 are applied for optimization. The 
novelty of the present study is to optimize 
hydraulic and quality objectives simultaneously. 

 

2. Materials and methods 
In this section, the NSGA-II, reliability criterion, 
the mathematical optimization model, TOPSIS, 
and the proposed method were described. 
 

2.1. NSGA-II  
Multi-objective algorithms optimize several 
conflicting objectives simultaneously, creating a 
set of optimal pareto solutions. NSGA-II is a 
widely used algorithm for multi-objective 
optimization, valued for its reduced 
computational complexity and efficient non-
dominated sorting. NSGA-II is known for 
reducing computational complexity, preserving 
diversity, and improving non-dominated sorting 
(Deb et al., 2002) 
 

2.2. Reliability 
The hybrid reliability (Equation 3) criterion of 
WDNs was calculated using the combination of 
the pressure hydraulic (Equation 1) and quality 
reliabilities (Equation 2) 
 

𝐻𝑅𝑃𝑁 =
∑ ∑ 𝑄𝑗,𝑡

𝑟𝑒𝑞𝑁𝑁
𝑖=1 ∗𝐻𝑅𝑃(𝑗,𝑡)𝐸𝑃𝑆

𝑡=0

∑ ∑ 𝑄
𝑗,𝑡
𝑟𝑒𝑞𝑁𝑁

𝑖=1
𝐸𝑃𝑆
𝑡=0

                          (1)   

 

𝑄𝑅𝑁 =
∑ ∑ 𝑄𝑗,𝑡

𝑟𝑒𝑞𝑁𝑁
𝑖=1 ∗𝑄𝑅2(𝑗,𝑡)𝐸𝑃𝑆

𝑡=0

∑ ∑ 𝑄
𝑗,𝑡
𝑟𝑒𝑞𝑁𝑁

𝑖=1
𝐸𝑃𝑆
𝑡=0

                             (2)   

 

𝐻𝑦𝑏𝑟𝑖𝑑𝑅𝑒𝑙 = √𝐻𝑅𝑃𝑁 ∗ 𝑄𝑅𝑁                              (3)   

 
 

2.3. Multi-objective mathematical 

optimization model  
In this study, a three-objective optimization 
model is formulated. The decision variables in 
this model are the pressure setpoints of four PRVs 
(integer variables) within the Najaf Abad WDN. 
The objectives are to simultaneously minimize 
the average nodal pressure, maximize the average 
nodal chlorine concentration, and optimize the 
hybrid reliability criterion of the entire WDN . 
The mathematical optimization model is as 
equation 4 to 7. 
 

 
13 Technique for Order Preference by Similarity to Ideal 

Solution (TOPSIS) 
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Fig. 1. Boundary of the Najaf Abad WDN and the location of reservoirs and pumping station (Jazayeri et al., 2024) 
 

 
Fig. 2. Location of the PRVs in the Najaf Abad WDN  

 
(4) 

Minimize (P̅̅ ̅) and Maximize (CL̅̅̅̅ , HybridRel)       
 
10 m ≤ SPi ≤ 30 m,    i = 1, 2, 3, 4                   (5) 
 
Pj ≥ Pmin  ( j = 1, 2, … , J)                                  (6) 

 
 CLj ≥ CLmin ( j = 1, 2, … , J)                              (7) 
 

2.4. TOPSIS 
The TOPSIS method is a MCDM1 approach. In 
this method, the final optimal solutions are 
determined by minimizing the distance to the 
PIS2 and maximizing the distance to the NIS3 
(Hwang and Yoon, 1981). This method consists 
of five stages, with the solution having the 
highest value of Ci (the relative closeness index of 
solution i to the ideal option) being selected as the 
final optimal solution. 
 

2.5. The proposed method 
This study proposed a method to determine the 
optimal pressure setpoints for PRVs. The 
optimization model is solved using the NSGA-II, 
with parameters determined through sensitivity 

 
1 Multi-Criteria Decision-Making (MCDM) 
2 Positive Ideal Solution (PIS) 
3 Negative Ideal Solution (NIS) 

analysis. The optimal solution is selected from the 
pareto set using the TOPSIS method. 

Here, both the quantitative and qualitative 
objectives of the WDN, along with the hybrid 
hydraulic and quality reliability, are 
simultaneously optimized. In other words, these 
quantitative and qualitative parameters of the 
urban WDN are examined collectively, 
employing a multi-objective optimization 
modeling approach. Additionally, the network's 
performance and serviceability are optimized, 
which constitutes the innovation of this study. 

 
3. Case study (Najaf Abad WDN) 
In the present study, the WDN of Najaf Abad, 
Isfahan, serving a population of around 300,000 
people, is used. This network consists of 2 
reservoirs, 1 pump station (3 pumps), 9323 pipes, 
8541 nodes, and 6 pressure-reducing valves (4 
active). The network boundary, the placement of 
reservoirs and the pump station of Najaf Abad 
WDN, as well as the location of the active PRVs 
(yellow circles), are shown in Figs. 1 and 2, 
respectively. 

To analyze the network under extreme water 
consumption conditions, the network was studied 
for two days in the year 2023, including the 
coldest day of the year (December 25, 2023) and 
the hottest day of the year (May 17, 2024). For 
the WDN calibration, a single-objective GA was 
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used in this study to calibrate the pipe roughness 
coefficient (CHW), nodal consumption flow rates 
(Q), and chlorine wall decay coefficients (Kb). 
The goal was to ensure that the discrepancies 
between the hydraulic model's pressure and 
residual chlorine concentration values and the 
field measurements fall within the allowable 
range. This process was carried out separately for 
the coldest and hottest days of the year 2023 for 
the Najaf Abad WDN. 

 

4. Results and discussion 
After performing a sensitivity analysis for the 
NSGA-II parameters and determining their best 
values, the optimal pareto solutions for the hottest 
and coldest days of the year 2023were obtained 
using the PDA analysis. These solutions were 
shown in Figs. 3 and 4. 

As shown in Figs. 3 and 4, the relationships 
between average network pressure, chlorine 
concentration, and hybrid network reliability are 
non-linear. The final optimal solution is selected 
from the pareto set using the TOPSIS method. In 
this study, the coefficient matrix arrays (Wj) are 

set to 0.33, meaning the weights of all three 
objectives are considered equal. 

Finally, the optimal pressure setpoints and 
objective function values for the final optimal 
solutions for the warm and cold days of 2023 
were presented in Table 1. Once the final optimal 
solutions for the warm and cold days of 2023 
were determined, the pressure value, residual 
chlorine concentration value, and hybrid 
reliability were improved. The improvements in 
these values, before and after optimization, were 
presented in Table 2 based on the final optimal 
solutions. 

 
Table 1. The optimal values of the Najaf Abad WDN 

for the hot and cold days of the year 2023 

Day in 
2023 

1st PRV 
(m) 

2nd 
PRV 
(m) 

3rd 
PRV 
(m) 

4th PRV 
(m) 

𝐏̅  
(m) 

𝐂𝐋̅̅̅̅  
(mg/L) 

𝐇𝐲𝐛𝐫𝐢𝐝𝐑𝐞𝐥 
(%) 

Hot 12 13 26 27 23.3 0.363 47.9 

Cold 17 21 26 26 26.9 0.398 55.0 

 

 

 

Fig. 3. The pareto front of the three-objective optimization model obtained from the NSGA-II algorithm 
for days with the highest temperature in the year 2023 
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Fig. 4. The pareto front of the three-objective optimization model obtained from the NSGA-II algorithm 

 for cold days in the year 2023 
 

Table 2. Improvement in three objectives of the WDN 
before and after optimizing the PRVs on the hot and 

cold days of the year 2023 

Day in the 
year 2023 

Average pressure of the WDN 

Before (m) After (m) Improvement (%) 

Hot days 24.0 23.3 2.9 

Cold days 31.1 26.9 13.5 

Day in the 

year 2023 

Average chlorine concentration of the WDN 

Before 

(mg/L) 

After 

(mg/L) 
Improvement (%) 

Hot days 0.363 0.366 0.1 

Cold days 0.400 0.398 0 

Day in the 

year 2023 

Hybrid reliability of the WDN 

Before (%) After (%) Improvement (%) 

Hot days 47.1 47.9 1.7 

Cold days 54.3 55.0 1.3 

 
Comparing the results in Table 2, it is 

observed that the proposed multi-objective 
optimization method improves the average 
network pressure and hybrid network reliability 
compared to the current traditional operation of 
PRVs. However, the average chlorine 
concentration in the network remains unchanged. 
It is important to note that the average chlorine 
concentration could have been reduced by 
adjusting the pressure settings of the PRVs, but 
the optimization process did not lead to a 
decrease in this objective function, indicating that 
it was optimized. Overall, the results demonstrate 

the effective performance of the proposed method 
in simultaneously optimizing both quantitative 
and qualitative objective functions. 
 
5. Conclusion 
The results showed that while average chlorine 
concentration remained stable, its further 
reduction was prevented by the proposed method. 
The average network pressure decreased by 2.9% 
and 13.5% for hot and cold days, respectively, 
improving system lifespan, reducing leakage, and 
enhancing the hybrid reliability by 1.7% and 
1.3%. 

In summary, this study considered the 
qualitative objective of average chlorine 
concentration alongside quantitative objectives 
(pressure and hybrid reliability) to examine the 
impact of quantitative parameters (pressure) on 
qualitative parameters (residual chlorine 
concentration). Ultimately, all objectives were 
simultaneously optimized using the NSGA-II, 
with results demonstrating the proposed method's 
effectiveness in comprehensive WDN 
management, accounting for both quantitative and 
qualitative parameters. 

This study considered equal weights for all 
three objectives in optimization. Future research 
can adjust weights based on the relative 
importance of each objective. Additionally, other 
objectives like vulnerability and recoverability 
could be compared, using NSGA-II or NSGA-III 
for multi-objective analysis. 
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Fig  1. Flowchart of the overall steps of the proposed method 

 

 

Fig. 2. Boundary of the Najaf Abad WDN, the location of reservoirs and pump stations (Jazayeri et al., 2024) 

Jazayeri et al., 2024
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Fig. 3. Location of PRVs in the Najaf Abad WDN 

 
Fig. 4. Hourly Demand coefficients for the cold and warm days of the year 1402 in the Najaf Abad WDN
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Table 1. Set pressure of the PRVs, average pressure and chlorine concentration, and hybrid reliability of the
Najaf Abad WDN before optimization 

Day in 

the year 

2023 

Set point 

for the 

1st PRV 

(m) 

Set point 

for the 

2nd PRV 

(m) 

Set point 

for the 

3rd PRV 

(m) 

Set point 

for the 

4th PRV 

(m) 

Average 

pressure of 

the WDN 

(m) 

Average 

chlorine 

concentration 

of the WDN 

(m) 

Hybrid 

reliability of 

the WDN 

(%) 

Hot days 17 25 30 27 24.0 0.363 47.1 

Cold days 15 20 30 25 31.1 0.400 54.3 

 

Table 2. Comparison of the average pressure and residual chlorine concentration, and hybrid reliability of the  
WDN before and after the use of PRVs (traditional operation of these valves) 

Day in 
the year 

2023 

Average pressure of the 

WDN 
Average chlorine concentration 

of the WDN 
Hybrid reliability of the WDN 

Without 
using the 

PRVs 
(m) 

With 
Using 

the 
PRVs 
(m) 

Improvement 
(%) 

Without 
using 
the 

PRVs 
(mg/L) 

With 
using 
the 

PRVs 
(mg/L) 

Improvement 
(%) 

Without 
using the 

PRVs 
(%) 

With 
Using 

the 
PRVs 
(%) 

Improvement 
(%) 

Hot days 27.3 24.0 8.7 0.388 0.363 6.4 51.1 47.1 7.8 

Cold days 33.5 31.1 7.2 0.432 0.400 7.4 60.2 54.3 9.8 

Table 3. Selection of random values for the set pressure of PRVs in Najaf Abad WDN (without optimization) 

Day in the year 

2023 

Set point for 

PRV  stthe 1

(m) 

Set point for 

PRV  ndthe 2

(m) 

Set point for 

PRV  rdthe 3

(m) 

Set point for 

PRV  ththe 4

(m) 

Average 

chlorine 

concentration 

(mg/L) 

Hot days 17 22 32 26 0.355 
Cold days 15 16 30 26 0.390 
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Table 4. Calibrated parameter values for some pipes and nodes of the Najaf Abad hydraulic model 

Parameter Pipe 1 Pipe 2 
Pipe 
598 

Pipe 
874 

Pipe 
1441 

Pipe 
2876 

Pipe 
4500 

Pipe 
8785 

Pipe 
9210 

Kw (m/d) 0.22 0.28 0.04 0.11 0.17 0.30 0.25 0.16 0.19 
CHW 113 124 135 134 136 127 140 102 128 

Parameter 
Node 
212 

Node 
1672 

Node 
2317 

Node 
3445 

Node 
4670 

Node 
5555 

Node 
6703 

Node 
7902 

Node 
8533 

Qk-new (lps) 0.062 0.073 0.011 0.010 0.090 0.082 0.047 0.085 0.057 

Fig  5  The pareto front of the three-objective optimization model obtained from the NSGA-II algorithm 

for hot days in the year 2023 

NSGA-Ⅱ

 
NSGA-

Ⅱ
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Fig  6  The pareto front of the three-objective optimization model obtained from 

the NSGA-II algorithm for the cold days in the year 2023

NSGA-Ⅱ

 

DM

Table 5  The values of the DM matrices 

The arrays of DM matrices
Day in the 
year 2023 

Hybrid reliability of the 

WDN (%) 

Average chlorine concentration 

of the WDN (mg/l)

Average pressure of 

the WDN (m)

39.60.34221.5

Hot days 
43.2 0.35022.2

47.90.36623.3

50.10.38824.6

53.30.37925.7

Cold days
55.00.39826.9

56.30.414 30.8 

58.10.42832.2

DM

 

NM

 

jW

ijV

Si
+Si

−
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NM

Table 6. The values of the NM matrices

The arrays of NM matrices
Day in the 
year 2023 

Hybrid reliability of 

the WDN (%) 

Average chlorine concentration of 

the WDN (mg/L)

Average pressure of the 

WDN (m) 

0.436 0.4730.469

Hot days 
0.4760.483  0.484 

0.5280.506 0.508

0.5520.5360.536

0.4780.4700.443

Cold days
0.4940.4910.463

0.5050.5110.531

0.5210.5280.555

ijV

Table 7. The values of the Vij matrices

matrices ijVThe arrays of 
Day in the 
year 2023 

Hybrid reliability of 

the WDN (%) 

Average chlorine concentration of 

the WDN (mg/L)

Average pressure of the 

WDN (m)

0.144 0.1560.155

Hot days 
0.1570.1590.160

0.1740.1700.168

0.1820.1770.177

0.1580.1550.146

Cold days
0.1630.1620.153

0.1670.1690.175

0.1720.1740.183

Table 8. The absolute positive and negative optimal options for the hot and cold days of the year 2023

Hybrid reliability 

of the WDN (%)

Average chlorine 

concentration of the WDN 

(mg/l)

Average pressure of the 

WDN (m)

Absolute positive 

and negative 

optimal options 

0.1820.177 0.155𝐀𝐣−𝐡𝐨𝐭
+

0.1440.156 0.177𝐀𝐣−𝐡𝐨𝐭
−

0.1720.1740.146𝐀𝐣−𝐜𝐨𝐥𝐝
+

0.1580.1550.183𝐀𝐣−𝐜𝐨𝐥𝐝
−

Si
+Si

−
iC

Table 9. The values of the parameters Si
+,Si

−, and Ci for the final optimal solution set on the hot and cold
days of the year 2023 

Day in the 
year 2023 

Parameters Values Parameters Values 

Hot days 
𝑺𝒊
+ 0.016 

Ci 
0.680 

𝑺𝒊
− 0.034 

Cold days 
𝑺𝒊
+ 0.016 

0.660 
𝑺𝒊
− 0.031 
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Table 10. The optimal set pressure values for PRVs, average pressure and average chlorine concentration, and 
reliability of the Najaf Abad WDN obtained from the proposed method for the hot and cold days of the year 2023 

Day in the 

year 2023 

Set point 

for the 

1st PRV 

(m) 

Set point 

for the 

2nd PRV 

(m) 

Set point 

for the 

3rd PRV 

(m) 

Set point 

for the 

4th PRV 

(m) 

Average 

pressure of 

the WDN 

(m) 

Average 

chlorine 

concentration 

of the WDN 

(mg/L) 

Hybrid reliability of 

the WDN (%) 

Hot days 12 13 26 27 23.3 0.363 47.9 

Cold days 17 21 26 26 26.9 0.398 55.0 

Table 11  Improvement in the objective of the WDN before and after optimizing the PRVs on the hot and 

cold days of the year 2023 

Day in 
the year 

2023 

Average pressure of the 
WDN 

Average chlorine 
concentration of the WDN 

Hybrid reliability of the 
WDN 

Before 
(m) 

After 
(m) 

Improvement 
(%) 

Before 
(mg/L) 

After 
(mg/L) 

Improvement 
(%) 

Before 
(%) 

After 
(%) 

Improvement 
(%) 

Hot days 24.0 23.3 2.9 0.363 0.366 0.1 47.1 47.9 1.7 

Cold days 31.1 26.9 13.5 0.400 0.398 0 54.3 55.0 1.3 

.

NSGA-Ⅱ
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