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Abstract: Water leakages are one of the most significant uncertainties affecting water supply system 
(WSSs) modelling. Due to the dependence between water losses and pressure, the WSSs 
characterised by high values of pressure in the distribution network are strongly affected by this 
problem. High-pressure conditions are typical of WSSs in the mountain areas. In this study, a real 
WSS of the Alpine region is analysed through simultaneous calibration of water losses and pressure-
reducing valves with a genetic algorithm. The demand is represented by a uniformly distributed 
along the network pipes scheme, dealing with the water request separately from the losses. 
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1. Introduction 

Hydraulic calibration is a crucial process in water supply system (WSS) modelling aiming to 
modify the network parameters to minimise the difference between measured data and simulated 
results [1]. However, achieving an accurate and reliable model is a hard task due to the high 
uncertainty that affects most of the WSSs. In the latest years, many efforts have been made to explore 
different calibration techniques [2]. In particular, many authors (e.g., [3–6]) focused on the estimation 
of the network parameters (e.g., pipes roughness and water demand) using an implicit technique 
based on heuristic algorithms. Therefore, the problem is formulated as an optimisation where the 
algorithm has to find the optimal hydraulic parameters to minimise the difference between 
observations and model results. However, the inability to have an adequate number of measured 
data for both economic and technical reasons yields the problem ill-posed. It means that the number 
of measurements is fewer than the number of equations, leading to an undetermined problem. In the 
literature, this problem has been recently tackled by performing several runs of the heuristic 
algorithm to obtain the average solution [4,7,8], which is considered a good estimation of the 
calibrated model. 

The parameters of the hydraulic model that are affected by the highest uncertainty are the water 
demands and the roughness of the pipes [9]. However, the setting of hydraulic components, such as 
the pressure reducing valve [10], have to be calibrated in the case of limited knowledge of the WSS 
configuration. The water demand consists of the water delivered to the WSS consumers (i.e., water 
requests) and the water losses of the distribution network (i.e., water leakages). Thus, demand can be 
tackled with a decomposition approach in order to decrease the complexity of the procedure. 

In particular, the quantification of the leakage is a complex task due to its unpredictable nature 
but also due to the impossibility of directly measuring its distribution along the network [11]. 
Typically, a leakage is represented as a pressure-dependent withdrawal simulated as emitter flows 
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at selected nodes [12]. Many variables, such as pipe age or material, influence the leakage occurrences. 
Therefore, some authors (e.g., [13,14]) studied the dependence between these variables and the leaks, 
providing ranges obtained with different types of experimental studies. However, a reliable function 
that precisely models the leakage parameters dependence has not been found yet [15]. 

Several authors (e.g., [6,16,17]) developed techniques based on optimisation algorithms to detect 
and quantify leakages using hydrant discharge to simulate leakages in hydraulic models [9]. For 
example, the emitters are used in EPANET [18] at this aim. Leakages detection is performed by 
minimising a function representing the difference among simulated values and measured values by 
means of an optimisation algorithm (i.e., genetic algorithm). 

In this paper, a calibration procedure for a real WSS characterised by significant leakages is 
proposed. In order to achieve this aim, a static condition is considered, that is the calibration process 
considering a set of known pipes flow rate and a set of nodal pressure measured at a given moment. 
In particular, a procedure based on the non-dominated sorting genetic algorithm II (NSGA-II, [19]) is 
developed for the calibration of pipe leakage and valve status. Firstly, to take account of the leakage 
amount and distribution in the network, the water demands are decomposed in two components: the 
users request and the background leakages. The water request of the users is defined through an 
analysis of the consumptions of a representative district metered area. The background leakages are 
instead unknown and need to be calibrated. Both of these components are simulated using a 
hydraulic approach that is able to simulate distributed demands along the pipes. Secondly, the status 
of two valves at the outlet of the tanks are considered. The setting of the valves is also introduced as 
a variable in the calibrator. 

The rest of the paper is organized as follows: test case introduction, calibration methodology 
presentation, results, and conclusion discussion. 

2. The WSS of Egna 

The WSS of Egna (Figure 1) is located in the Alpine region of the Bozen—Bolzano Province 
(Italy). The Municipality of Egna has a population of 5250 users and approximately an extension of 
23.5 km2. This WSS is served by two main tanks, which provide the necessary water to the system. It 
is a mountain WSS, characterised by a high difference in altitude between tanks and users. This 
condition leads to a high-pressure distribution and demanding management of the network. Hence, 
this small WSS is affected by a high amount of water leakage spread in the entire network. 

 
Figure 1. Layout of the Egna water distribution system with the position of pressure and flow sensors. 
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Concerning the network model components, the material, the age, and the diameter of the 
network pipes are known. Consequently, the actual roughness of each pipe in the network has been 
estimated by using the formulation proposed in [20]. The water requests have been calculated 
through an analysis of a representative district of the network, which has been properly isolated for 
a week. During that period, the flow entering in the isolated district has been measured. Therefore, 
the total water demand of the WSS has been estimated on the basis of the district demand analysis. 
The distribution of the consumers demands along the pipes has been accurately defined thanks to 
the municipality geo-referenced database. 

However, two important terms remain unknown. The first one is the background leakage 
component, which strongly affects the network’s behaviour. The second one is the setting of valves 
placed in the pipes that connect the two tanks with the distribution network. 

The data collected by the pressure and flow sensors used as measurements in the calibration 
procedure are reported in Table 1. The pressure data were collected from the 10th to the 20th of May 
2019. The measured pressure and the flow rate values were selected on Thursday the 16th at 20 p.m., 
when the demand request corresponded to its average daily value. 

Table 1. Pressure and flow rate measurements used into the calibration process. 

PS1 (m) PS2 (m) PS3 (m) PS4 (m) PS5 (m) FS1 (l/s) FS2 (l/s) 
79.3 88.8 77.2 81.1 90.8 16.9 3.2 

3. Methodology 

In this section, the methodology to calibrate the Egna WSS is presented. In particular, this 
procedure has to solve the uncertainty related to the leakage behaviour and the status of the valves. 
Regarding the first uncertainty, it is proposed to perform the calibration considering the water 
demands as composed of two components, which are users request and the background water 
leakage. The water request is deterministically calculated (see Section 2), while the water leakage 
term is involved as a variable of the heuristic calibration procedure. Knowing the widespread losses 
throughout the network, it is proposed to model both the water demand components as uniformly 
distributed along the network pipes. The distributed water demand scheme is adopted, since it is 
actually the most performant hydraulic approach to resemble a realistic withdrawal distribution 
[21,22]. At the same time, the background leakages are represented as uniformly distributed along 
each pipe of the network. However, the water leakage of each pipe in the network has to be calibrated. 

Concerning the valve problem, it is advanced to calibrate the pressure dissipation by the two 
valves located at the outlet of the tanks. This decision is taken due to the lack of information about 
the status of these valves. 

3.1. Modelling Approach 

Typically, the leakage is modelled as an emitter node, which is hydraulically equivalent to a 
hydrant concentrated at a node. However, in our case the water losses are spread in the entire 
network, therefore a distributed demand scheme is used. To model the water demand, the following 
expression is adopted:   𝑝௜௝ =  𝑝௜௝଴ + 𝛽𝑃ത௜௝ఈ, (1)

where the first term 𝑝௜௝଴  concerns the deterministic water request of consumers aggregated at the 𝑖𝑗 
pipe and the second term 𝛽𝑃തఈ  regards the leakage uniformly distributed along the 𝑖𝑗  pipe. In 
particular, 𝑃ത௜௝  is the average pressure at the 𝑖𝑗  pipe, and 𝛼  and 𝛽  are the leakage model 
parameters [11], where 𝛼 is fixed to 0.5, since the most present material is the steel [23,24], and 𝛽 
has to be calibrated for each pipe. The resulting 𝑝௜௝ is a constant expression of water demand per 
meter of pipe. 
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In order to implement the demand expression of Equation (1), a hydraulic approach is selected 
that integrates the distributed demand along pipes [21]. The mass balance at the 𝑤 node can be read 
as:     ෍ሺ𝑄௜௪ െ 𝑝௜௪𝐿௜௪ሻ െ ෍ 𝑄௪௝௝ =  0௜  (2)

where 𝐿 represents the pipe length and 𝑝 represents the water demand calculated as in Equation 
(1). Since the flow rate is a linear function along each pipe, the energy balance equation in the  𝑖𝑗 
pipe is as follows: 

  ℎ௜ െ ℎ௝ =  𝑟௜௝𝑝௜௝ |𝑄௜௝|௡ାଵ െ ห𝑄௜௝ห௡ାଵ𝑛 + 1   (3)

where  𝑟 is the hydraulic resistance, 𝑛 is the coefficient that depends on the head loss mathematical 
formulation, and ℎ is the nodal hydraulic head. The Darcy–Weisbach expression with 𝑛 equal to 2 
is used in this work. 

An overview of the proposed approach is reported in Figure 2, where the two uniformly 
distributed demand components are shown. 

 

Figure 2. The proposed hydraulic approach and the corresponding water demand schematisation. 

3.2. Calibration Approach 

A multi-objective procedure based on NSGA-II has been developed to calibrate a WSS 
characterised by elevated pressure and a high amount of background leakages. Therefore, this 
process has been formulated as an optimisation procedure, where two objective functions expressed 
as the difference between measured values and simulated values have to be minimised. The 2 
expressions read as: 

    𝐹ை஻௃ଵ = ෍ ቆ𝑃௜ெ െ 𝑃௜஼𝑃௜ெ ቇଶ
௜  (4)

      𝐹ை஻௃ଶ = ෍ ቆ𝑄௜௝ெ െ 𝑄௜௝஼𝑄௜௝ெ ቇଶ
௜௝  (5)

where 𝑃௜ெ and 𝑃௜஼ are respectively the measured and calibrated pressure values at the 𝑖 node and 𝑄௜௝ெ and 𝑄௜௝஼  are respectively the measured and calibrated flow rates at the 𝑖𝑗 pipe. Afterwards, the 
genetic algorithm selection has been applied through a binary tournament. Then, the crossover and 
the mutation operators create a new generation that performs a new iteration. In this study, 
tournament selection, simulated binary crossover, and polynomial mutation are applied to perform 
the optimisation problem. 
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The variables adopted in this calibration process are the 𝛽 parameter of the leakage model and 
the valve pressure dissipation at the 2 tank outlets. The 𝛽 boundary read as:    10ି଻ ൏ 𝛽 ൏ 10ିଽ (6)

The range has been chosen after multiple runs to ensure the stability of the hydraulic 
simulations. It is worth noting that, due to the high pressure available in the WSS, the boundary of 
the 𝛽 parameter is very sensible. 

The boundaries for the valve head losses selected are:   0 ൏ 𝛥𝐻1 ൏ 60𝑚 , 0 ൏ 𝛥𝐻2 ൏ 90𝑚  (7)

where 𝛥𝐻1  and 𝛥𝐻2  are the dissipated pressure by the valves installed in pipe 1 and pipe 2, 
respectively. The range selected covers all the available hydraulic heads, including the height 
difference between tanks and the valley nodes. 

The problem is ill-posed because the number of measurements is less than the number of 
variables of the calibration process. To deal with this problem and to have a proper estimation of the 
pressure at the nodes and flow rates along the pipes, an approach similar to [4,7,8] is adopted, and 
50 runs of the calibrator are performed. Therefore, the nodal pressures and the pipe flow rates are 
averaged in order to obtain a reliable and stable simulation of the network. 

4. Results and Discussion 

The results of the proposed calibration are presented in this section. In particular, the 
distribution of the pressure at each node is reported in Figure 3a, whereas the flow rate distribution 
is reported in Figure 3b. 

 
Figure 3. Distribution of the calibrated pressure for each node (a) and of flow rate for each pipe (b). 
The average values of the 50 runs of the calibrator are also displayed. 

In Figure 3a, the pressure results obtained by 50 runs of the calibration are reported. Due to the 
limited fluctuation at each node and the accurate matching of the measurements, a good convergence 
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in the selected boundaries is achieved. The non-uniqueness problem of the solution is overcome using 
the mean values as a stable estimation of the real condition. The mean values resemble each 
measurement point, being accurate to reproduce the behaviour of the WSS. 

Differently from the pressure, the available flow measurements (Figure 3b) are related only to 2 
pipes. Despite the lack of information, the convergence and the stability are again granted due to 
respect of the measurements and to the low flow rate variations, respectively. Thus, the mean values 
are stable, offering a proper estimation of the flow rates in the network. 

Concerning the pressure dissipated by the valves, the simulation results are reported under Box 
& Whisker plot in Figure 4. 

 
Figure 4. Resulting pressure dissipation of the 50 runs for valves in (a) pipe 1 and (b) pipe 2. 

Both Figure 4a,b highlight the active status of the valves in pipe 1 and pipe 2. The first valve 
dissipates a pressure of around 17.5 m and the second of around 9.2 m. The goodness of the mean 
solution is demonstrated by the limited excursions of the setting values resulting from all the 50 runs. 

The analysis of the water leakage distribution at the network pipes is proposed at Figure 5. The 
water demand at each pipe is shown following the dual components: the average water leakage 
distribution of the 50 runs and the water requests. It is worth noting that the average solution 
resulting from the proposed calibration procedure conserves the mass balance, allowing us to 
estimate the water leakage. It is also known that a precise location of the water losses cannot be 
achieved with the few available measurements. 

 
Figure 5. Distribution of the deterministic water requests and distribution of the average of the 50 
calibration runs of the background water leakages along each pipe of the Egna network. 
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5. Conclusions 

In this study, a methodology to calibrate leakage distribution and valve status in a real mountain 
WSS affected by elevated pressures and high amount of water losses has been presented. The lack of 
information regarding the WSS lead to an ill-posed problem. To deal with this problem and to 
overcome the non-uniqueness of the solution, 50 runs of NSGA-II calibrator have been performed to 
achieve the average values. To properly address the leakage problem, the water demands have been 
modelled considering water requests and leakage as two separate components. Moreover, a 
hydraulic approach that is able to simulate water demand uniformly distributed along pipes has been 
adopted. The uncertainty related to the status of two valves has been considered, founding the setting 
of the two valves. From a practical point of view, this methodology can provide an accurate hydraulic 
model of WSSs with significant water leakages and unknown status of pressure-reducing valves. In 
addition, the proposed algorithm can support the WSS operators in the control of water losses and 
the proper management of pressure. 

Author Contributions: Conceptualization, A.Z., A.M., and M.R.; formal analysis, A.Z. and A.M.; data curation, 
A.Z. and G.R.P.; resources, G.R.P.; funding acquisition, M.R.; methodology, A.Z. and A.M.; software, A.Z. and 
A.M.; supervision, M.R.; validation, A.Z. and A.M.; writing—original draft, A.Z.; writing—review & editing, 
A.Z., A.M., G.R.P. and M.R. All authors have read and agree to the published version of the manuscript. 

Funding: This work has been partially carried out within the Research project AI-ALPEN, CUP:B26J16000300003 
funded by the PAB (Autonomy Provence of Bozen—Bolzano, Italy) for University Research-2014. In addition, 
the EFRE-FESR project Thermo Fluid Dynamics, infrastructures for applied research (ERDF 2014–2020, CUP: 
I52F16000850005) support has been received. 

Acknowledgments: The authors thank the municipality of Egna, in particular David Rossi for his fundamental 
contribution to the study. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Walski T.M. Technique for Calibrating Network Models. J. Water Resour. Plan. Manag. 1983, 109, 360–372, 
doi:10.1061/(ASCE)0733-9496(1983)109:4(360). 

2. Savic, D.A.; Kapelan, Z.S.; Jonkergouw, P.M.R. Quo vadis water distribution model calibration? Urban 
Water J. 2009, 6, 3–22, doi:10.1080/15730620802613380. 

3. Di Nardo, A.; Di Natale, M.; Gisonni, C.; Iervolino, M. A genetic algorithm for demand pattern and leakage 
estimation in a water distribution network. J. Water Supply Res. Technol.-Aqua 2015, 64, 35–46, 
doi:10.2166/aqua.2014.004. 

4. Do, N.C.; Simpson, A.R.; Deuerlein, J.W.; Piller, O. Calibration of Water Demand Multipliers in Water 
Distribution Systems Using Genetic Algorithms. J. Water Resour. Plan. Manag. 2016, 142, 04016044, 
doi:10.1061/(ASCE)WR.1943-5452.0000691. 

5. Tabesh, T.; Jamasb, M.; Moeini, R. Calibration of water distribution hydraulic models: A comparison 
between pressure dependent and demand driven analyses. Urban Water J. 2011, 8, 93–102, 
doi:10.1080/1573062X.2010.548525. 

6. Wu, Z.Y.; Walski, T.; Mankowski, R.; Herrin, G.; Gurrieri, R.; Tryby, M. Calibrating Water Distribution Model 
Via Genetic Algorithms; Proc AWWA IMTech: Kansas City, MO, USA, 2002. 

7. Letting, L.; Hamam, Y.; Abu-Mahfouz, A. Estimation of Water Demand in Water Distribution Systems 
Using Particle Swarm Optimization. Water 2017, 9, 593, doi:10.3390/w9080593. 

8. Zanfei, A.; Menapace, A.; Santopietro, S.; Righetti, M. Calibration Procedure for Water Distribution 
Systems: Comparison among Hydraulic Models. Water 2020, 12, 1421.  

9. Kang, D.; Lansey, K. Demand and Roughness Estimation in Water Distribution Systems. J. Water Resour. 
Plan. Manag. 2011, 137, 20–30, doi:10.1061/(ASCE)WR.1943-5452.0000086. 

10. Sophocleous, S.; Savić, D.A.; Kapelan, Z.; Giustolisi, O. A Two-stage Calibration for Detection of Leakage 
Hotspots in a Real Water Distribution Network. Procedia Eng. 2017, 186, 168–176, 
doi:10.1016/j.proeng.2017.03.223. 



Environ. Sci. Proc. 2020, 2, 41 8 of 8 

 

11. Sophocleous, S.; Savić, D.; Kapelan, Z. Leak Localization in a Real Water Distribution Network Based on 
Search-Space Reduction. J. Water Resour. Plan. Manag. 2019, 145, 04019024, doi:10.1061/(ASCE)WR.1943-
5452.0001079. 

12. Giustolisi, O.; Savic, D.; Kapelan, Z. Pressure-driven demand and leakage simulation for water distribution 
networks. J. Hydraul. Eng. 2008, 134, 626–635. 

13. Vairavamoorthy, K.; Lumbers, J. Leakage Reduction in Water Distribution Systems: Optimal Valve Control. 
J. Hydraul. Eng. 1998, 124, 1146–1154, doi:10.1061/(ASCE)0733-9429(1998)124:11(1146). 

14. Greyvenstein, B.; van Zyl, J.E. An experimental investigation into the pressure-leakage relationship of some 
failed water pipes. J. Water Supply Res. Technol.-Aqua 2007, 56, 117–124, doi:10.2166/aqua.2007.065. 

15. Maskit, M.; Ostfeld, A. Leakage Calibration of Water Distribution Networks. Procedia Eng. 2014, 89, 664–
671, doi:10.1016/j.proeng.2014.11.492. 

16. Wu, Z.Y.; Sage, P.; Turtle, D. Pressure-Dependent Leak Detection Model and Its Application to a District 
Water System. J. Water Resour. Plan. Manag. 2010, 136, 116–128, doi:10.1061/(ASCE)0733-
9496(2010)136:1(116). 

17. Nicolini, M.; Giacomello, C.; Deb, K. Calibration and Optimal Leakage Management for a Real Water 
Distribution Network. J. Water Resour. Plan. Manag. 2011, 137, 134–142, doi:10.1061/(ASCE)WR.1943-
5452.0000087. 

18. Rossman, L.A. EPANET 2: Users Manual; US Environmental Protection Agency: Cincinnati, OH, USA, 2000. 
19. Deb, K.; Pratap, A.; Agarwal, S.; Meyarivan, T.A.M.T. A fast and elitist multiobjective genetic algorithm: 

NSGA-II. IEEE Trans. Evolut. Comput. 2002, 6, 182–197. 
20. Sharp, W.W.; Walski, T.M. Predicting Internal Roughness in Water Mains. J. Am. Water Works Assoc. 1988, 

80, 34–40. 
21. Menapace, A.; Avesani, D.; Righetti, M.; Bellin, A.; Pisaturo, G. Uniformly Distributed Demand EPANET 

Extension. Water Resour. Manag. 2018, 32, 2165–2180, doi:10.1007/s11269-018-1924-6. 
22. Berardi, L.; Giustolisi, O.; Todini, E. Accounting for uniformly distributed pipe demand in WDN analysis: 

Enhanced GGA. Urban Water J. 2010, 7, 243–255. 
23. Gupta, R.; Nair, A.G.R.; Ormsbee, L. Leakage as Pressure-Driven Demand in Design of Water Distribution 

Networks. J. Water Resour. Plan. Manag. 2016, 142, 04016005, doi:10.1061/(ASCE)WR.1943-5452.0000629. 
24. Lambert, A.O. International Report: Water losses management and techniques. Water Suppl. 2002, 2, 1–20, 

doi:10.2166/ws.2002.0115. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


