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Abstract 

The presence of leaks in water distribution networks (WDN) is a very common problem that 

impacts these systems in a variety of ways, including the loss of drinking water, the 

deterioration of the quality of supply water due to the intrusion of substances into the system, 

the structural damage caused by infiltrations, and the uneven distribution of pressures and flows 

in the network, among others. For this reason, the use of sensors to identify possible where 

leaks could be located, and to operate the network is imperative. However, placing the sensors 

in the network is not a trivial problem, due to the complexities of the networks, the uncertainties 

around them, and the limited resources. 

Although many researchers have proposed different methodologies for locating sensors, 

methods accounting for the costs of the decision-making situation and the nature of the 

decision-maker are very limited. Moreover, the existing methods largely rely on demand-driven 

analysis approaches, which limit their applicability. 

This thesis presents a methodology to determine the optimal location of pressure sensors for 

identifying the existence of leaks in water distribution systems. The methodology is based on 

two unrelated concepts, Value of Information (VOI) and Entropy. The former is common in 

areas such as medicine and economics but with very limited application in water distribution 

systems.  The latter is a concept from Information Theory, which have been used in the past for 

locating sensors in the water environment. The proposed methodology, which has a simplified 

framework with practical interpretation, involves the judgment of decision-makers and switches 

from the assumption of a demand-driven analysis to a more realistic approach in which the 

demands are a function of the pressure's system (pressure-driven analysis). Additionally, the 

methodology considers, to a certain extent, the possible sources of uncertainty and parameter 

variation along time, towards robust solutions.  

The methodology is applied in the case study of the city of Braila, in Romania, which has the 

goal of reducing water losses caused by leaks by a value of 50 L/h/km. Results show that the 

sensor locations obtained agree with previous methods in simpler networks, and that well 

distributed sensors are obtained, although the performance of the method is depending on the 

selection of the threshold in pressure that is considered critical. A by-product of this research is 

the Sensor Detection Value (SDV) index, which is based on VOI concepts and that facilitate 

the application of the methodology and the interpretation of the results. 
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  Introduction 

1.1 Background 

The presence of leaks in a water distribution system (WDS) causes a variety of problems, 

including the loss of drinking water (Capponi et al., 2017), the deterioration of the quality of 

supply water due to the intrusion of substances into the system (B. Farley et al., 2009), the 

structural damage caused by infiltrations (Ponce et al., 2014) and the uneven distribution of 

pressures and flows in the network. These problems may trigger others, such as the loss of trust 

by users towards water entities and increased risk of grant accreditations by water regulatory 

entities due to the system's malfunctioning (Quintiliani & Vertommen, 2020).  

For this reason, water utilities regularly work on developing methods that help locate leaks in 

the least possible time. These methods can be active and/or passive, depending on the strategy 

used. On the one hand, the active methods include a physical inspection of the pipes, the use of 

acoustic sensors or gas tracers, ground penetration radar, infra-red imaging, among others  (M. 

Farley & Trow, 2015). On the other hand, the passive methods depend on secondary evidence 

of leaks, such as checking unexpected changes in the network's pressure values (Raei et al., 

2019). A common way to estimate the expected pressure values in a network is by using 

computer models, which are mathematical representations of the entire network. Furthermore, 

real pressure values are obtained from measurements in the field, for example, with the help of 

pressure sensors.   

The difference between an expected pressure value and a measured pressure value can warn 

about leaks' potential existence (Raei et al., 2018). Although installing many sensors in a 

network could be ideal for leak detection, this is not always possible due to limited resources. 

Indeed, it is common to have only a few sensors available and is fundamental to optimally 

decide where the available sensors should be located to maximize their usefulness. Optimal 

distribution of sensors will help identify the presence of leaks with more extensive network 

coverage and, combined with methods for finding their specific location, can reduce the time 

in which leaks are detected, the loss of water, and associated damages (Bohorquez et al., 2020). 

Multiple investigations have been developed to build computational frameworks for the optimal 

location of sensors. B. Farley, Boxall, and Mounce (2009); Pérez et al. (2009); Sanz et al. 

(2016); Raei et al. (2018); Quintiliani and Vertommen (2020), presented alternatives of sensor 

deployment using the theory of model-based fault diagnosis, where pressures of the system 

without leaks area compared with the pressures in the system once it is tested under leak 

conditions. Analysis of uncertainty were included by Taravatrooy et al., (2020); Jung & Kim, 

(2017); Steffelbauer & Fuchs-Hanusch, (2016), and the use of novelty concepts as the use of 

information theory have been explored by Mohammad Sadegh Khorshidi et al., (2020). 

Although progress has been made in developing methodologies, there are still gaps that can be 

addressed. For example, most of them assumed demand-driven approaches (DDA), where all 
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nodes' demand could be supplied regardless of the network's pressure values, this assumption 

could be distant for reality, because in leak scenarios exist nodes where the pressure drops at a 

point that demands are reduced or even not supplied, consequently, the solutions obtained in 

previous studies may not be adequate for the real world (Raei et al., 2019). This research 

proposes to use a pressure-driven approach where demands are function of the pressure  

On the other hand, most of the methodologies based their criteria for sensor selection on the 

hydraulic behaviour of the system, parameters such as detection times, water loss, number of 

sensors, number of leaks detected among others were the basis for the choice of the best set of 

sensors. However, all these methodologies have the objective to generate tools to support the 

decision-maker to execute a specific measure, but in most of the methodologies the opinion of 

the decision-maker was not considered. In practice, not all nodes in the system present the same 

level of risk to leaks and not all leaks have the same impact on system losses, so each of the 

entities (decision-makers) will know where to locate these points of particular attention and will 

have their own needs, so, the inclusion of a parameter that considers the decision-maker's 

perception is required.  

For this reason, concepts such as the value of information and principles of information theory 

such as entropy will be used. The goal is to obtain nodes that has the maximum value for the 

decision-maker, and simultaneously, that provides the maximum amount of information from 

the system. The concept of the value of information (VOI) has been used in many disciplines, 

for example, in the oil and gas sector for the evaluation of operators (Rice, 2014), for 

groundwater quality monitoring  (Hosseini & Kerachian, 2017), for flood monitoring and 

impact assessment (Alfonso, 2010), for water quality assessment (Shaqadan, 2008) and 

recently, a first attempt to apply VOI for the optimal location of sensors was made by 

Mohammad Sadegh Khorshidi et al., (2020) who assumes that each node can be assigned a 

VOI, and those with the maximum value would be selected as the best candidates to locate a 

sensor. However, despite using the concept of the value of information, these authors failed to 

incorporate the perception of the decision-maker. 

Apart from selecting the nodes with higher VOI, which is an indicator of the quality of the 

information obtained, it is also necessary to determine the quantity of information obtained, 

selecting the best combination of multiple nodes where sensors provide more information or 

more extensive coverage in detecting pressure changes in the system. To this end, concepts 

such as information entropy (IE) (Singh 1997) can be applied. 

This methodology aims to combine different approaches, considering decision-makerôs 

judgement, based on VOI and entropy concepts, including analysis of sources of uncertainty 

evaluating different leaks and threshold values and using a pressure-driven analysis. The 

methodology is expected to be useful in practice because its results will be applied for the 

location of pressure sensors in a real distribution network localized in the water distribution 

systems (WDS) in Braila, Romania, under the framework of the H2020 NAIADES project.  
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1.2 Research Objective 

The main objective of this research is to formulate a methodology to optimise the localization 

of pressure sensors for leak detection, considering a pressure-driven analysis, sources of 

uncertainty and using value of information and information theory concepts. This objective will 

be accomplished by answering the following research questions: 

Á How to formulate a methodology to optimise the location of pressure sensors, using 

concepts of value of information and information entropy? 

Á How can pressure-driven analysis be performed, using the available modelling systems? 

According to the previous questions, two sub-questions can be formulated: 

Á To what extent it is appropriate to use the concept of the value of information as a 

parameter that includes the perception of the decision-maker? 

Á How relevant is the incorporation of different leaks and pressures threshold as a source 

of uncertainty in the evaluation of sensor networks? 

 

1.3 Innovation and practical value  

According to the gaps identified, we can justify that the methodology developed in this project 

will have as innovation the following aspects: 

Á The use of a pressure-driven model in developing a computational framework based on 

a hybrid value of information and information-entropy approach for the optimal location 

of sensors. 

Á The application of a multi-objective optimisation considering the perception of the 

decision-maker.  

As practical value, an improved insight for the deployment of pressure sensors for leak 

detection is expected; this could reduce water volume that different distribution systems are 

currently losing. In particular, for the case of the city of Braila (Romania), which has the goal 

of reducing water losses caused by leaks by from a value of 750 L/h/km to a value of 700 

L/h/km. 

Another practical value of this methodology could be attributed to applying it in a real scenario; 

this will help clarify its validity. Real tests can be performed in future scenarios, simulating 

leaks in the network, and verifying if the selected nodes detected the leaks. 

1.4 Thesis outline 

This thesis is structured in 6 chapters: 

Chapter 1. presents the introduction to the topic, objectives, investigation gaps and research 

questions as already explained. 

Chapter 2. shows the state of the art of the different methodologies used, explains the theoretical 

foundations on which our methodology is based and justifies the different assumptions 

established. 
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Chapter 3. describes the generalities and characteristics of the distribution system where each 

of the analyses will be realized, the initial information provided and the objectives of the study 

sector regarding the results of this thesis. 

Chapter 4. describes in detail the methodology proposed to achieve the research objective, 

formulates each of the steps needed to perform the different simulations and indicates the 

workflows involved in the implementation of the model simulation. Additionally, it defines the 

optimisation problem and specified the objective functions and the resolution algorithms 

required. 

Chapter 5. provides examples of calculation, analysis and discussion of the results obtained, as 

well as the use of the methodology in a real scenario, comparing its functionality against an 

already installed sensor network. 

Chapter 6. shows conclusions on the different results obtained, and provides an answer to the 

questions formulated in chapter 1. In addition, it provides recommendations for future research. 

References and appendices are included at the end of the document. 
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 Literature Review 

Chapter 2  discusses different ideas about the optimal deployment of pressure sensors. It 

describes some limitations, findings and proposals that motivated the elaboration of this thesis. 

Similarly, it illustrates the equations needed to develop the proposed methodology. This chapter 

also presents concepts such as the relationship between pressure and demand, the requirements 

for calculating system leaks, the pressure-based models, as well as the selected objective 

functions and the process for their optimisation. 

All the concepts specified in this chapter will be used in the development of the methodology 

described in Chapter 4  

2.1 Methods to detect leaks in the system 

Water utilities regularly work on developing methods that help locate leaks in the least possible 

time to take the corresponding decision-making actions to reduce water loss and other related 

problems. These methods can be active and/or passive, depending on the strategy used. On the 

one hand, the active methods include a physical inspection of the pipes, the use of acoustic 

sensors or gas tracers, ground penetration radar, infra-red imaging, among others  (M. Farley & 

Trow, 2015). However, although the leak can be pinpointed directly, these approaches are not 

appropriate for large systems because of economic limitations (Sanz et al., 2016). On the other 

hand, the passive methods depend on secondary evidence of leaks, such as checking unexpected 

changes in the network's pressure values (Raei et al., 2019). Generally, the presence of leaks 

increases the flow and velocities in the network, causing larger hydraulic losses and generating 

pressure drops (Tavamani, 2016). Therefore, if the pressure values detected at a node are 

outside the normal range, we could attribute it to the presence of leaks. A common way to 

estimate the expected pressure values in a network is by using computer models, which are 

mathematical representations of the entire network, that simulate after proper calibration, their 

behaviour for a range of functioning scenarios. Furthermore, real pressure values are obtained 

from measurements in the field, for example, with the help of pressure sensors.   

The use of passive methods are preferred because their operational costs are lower than the 

active methods (Raei et al., 2018), however, these optimisation methodologies are affected by 

the high computational load, many simulations are required for networks with many nodes and 

consequently, the problem has to be simplified, decreasing its decision space (skeletonization), 

also, the use of faster but less accurate optimisation algorithms are required (Mohammad S 

Khorshidi et al., 2018). However, nowadays, with the development of more powerful 

computers, the computing burden has been radically reduced, allowing methodologies to be 

implemented without adjusting the original problem. For this methodologic all the nodes of the 

system will be explored as possible candidates. 

One of the most widely implemented methodologies to locate pressure sensors is based on the 

comparison between the pressure obtained from the simulation without incorporating leaks 

(healthy state) and the pressures calculated in each of the nodes subjected to leak conditions 

(modified state). Sensitivity analyses have been incorporated to these pressure deltas in which 

the differences are normalized dividing them by the value of the leak that caused the 
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disturbance, thus generating a sensitivity matrix composed of residual vectors. (Pudar & 

Liggett, 1992; B. Farley, Boxall, and Mounce 2009; Pérez et al. 2009; Sanz et al. 2016; Raei et 

al. 2018; Quintiliani and Vertommen 2020). Additionally, diverse authors have incorporated in 

their analyses sources of uncertainty such as variation in demands, leak sizes, threshold 

variation, physical properties of the pipelines, among others (Nejjari et al., 2015; Steffelbauer 

& Fuchs-Hanusch, 2016; Taravatrooy et al., 2020).  

Blesa et al., (2014), obtained important findings such as that the location of the sensors are not 

sensitive to the size of the leaks and Raei et al., (2019) found that the variation of the threshold 

may have a negligible effect on the location of the sensors. However, most of the researchers 

applied methods based on a demand-driven (DDA), assuming that all nodes' demand could be 

supplied regardless of the network's pressure values, being an assumption distant from reality. 

When leaks occur, there may be interruptions in water service, i.e., nodes where the pressure is 

too low that demands are reduced or not supplied, this analysis can be performed using pressure-

driven analysis (PDA) which offers more realistic results than demand-driven models  (Braun 

et al., 2017),  because the demands are function of the pressure, therefore, previous analyses 

need to be updated, incorporating this new approach. 

The optimisation problem for sensor localization has been a widely studied topic, and for the 

reader's judgement it is indicated that not all references in this field were consulted, some of the 

most recent research was considered and an evaluation was conducted to assess what aspects 

might be missing and what could be complemented by this research, some of the methods 

investigated are presented below. 

Table 2.1-1. Literature review, findings, gaps and proposals. 

Author  What was proposed? What is missing and what is proposed 

(Mohammad 

Sadegh 

Khorshidi et 

al., 2020) 

This research proposes a 

workflow for optimal sensor 

deployment, incorporating 

hybrid information-entropy 

approach, concepts such as 

VOI and Transinformation 

Entropy (TE). In addition, it 

proposes a function to select 

the best solution within the 

set of solutions resulting from 

the optimisation process. 

In the VOI formulation, unintuitive 

parameters for the decision-maker were 

used, for example, the cost and decision 

matrix did not consist of either monetary 

values or real actions that the decision-

maker could execute, so that the critical 

evaluation of what decision to take once the 

information from a sensor was received 

could not be executed. On the other hand, 

considerably low leaks (0.2 l/s - 0.5 l/s) 

were evaluated to generate pressure drops 

of one (1) mH2O, this response of the 

network may be associated with the normal 

variation that exists in distribution systems. 

 

This work will include the decision-maker's 

perception of the system and will 

incorporate realistic economic values for 

each action to be performed in the cost 

matrix for VOI calculation. Additionally, 

different types of leaks to review the 

behaviour of the network under different 

scenarios will be evaluated. 
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Author  What was proposed? What is missing and what is proposed 

(Quintiliani & 

Vertommen, 

2020) 

This work proposes a 

methodology that uses 

numerical optimisation 

techniques combined with the 

engineering judgement 

provided by the collaboration 

of water utilities to determine 

the most optimal number and 

layout of pressure sensors., 

additionally, it applies the 

methodology to a real WDS 

and formulates the project's 

own needs as an objective 

function. 

The methodology was evaluated using a 

single constant leak value, concluding that 

approximately 50% of the network could 

not be detected, part of this lack of coverage 

was because some of the nodes where the 

leaks were incorporated did not cause 

pressure drops in the network higher than 

the selected threshold value, indicating that 

the leak tested influence just a certain part 

of the network. At the same time, the 

analysis was applied to a real-world 

problem; however, it is not clear if was 

assumed the use of a demand-driven 

approach, considering that node demands 

could always be supplied despite operating 

the network with water losses of 60 m3/h 

(å17 l/s) caused by leaks. 

 

In this work is proposed to analyses several 

leak values to guarantee pressure drops in a 

larger number of networkôs nodes, plus, the 

incorporation of a pressure-based model to 

evaluate variations in the demand caused by 

pressure drop resulting from the addition of 

leaks in the system. 

(Raei et al., 

2019) 

This methodology was based 

on a sensitivity matrix 

approach, to create a list of 

potential sensor locations, 

exploring objectives such as 

minimizing the number of 

sensors and detection time. 

In addition, they incorporated 

the measurement of pressures 

as a source of uncertainty, 

exploring different errors 

implicit in the devices used to 

capture pressure values. 

Different threshold values were considered 

to evaluate sources of uncertainty; however, 

the values were similar (0.25 - 0.75 mH2O) 

and too small to be used in real-life 

scenarios. It was concluded that 10 sensors 

could detect leaks in the entire network, but 

this results could be associated to the 

threshold values selected, because such 

small pressure variations can be produced at 

any point in the network, thus biasing the 

detection results. 

 

In this methodology we propose to evaluate 

threshold values more in line with those 

expected in reality and with a wider range 

of evaluation (0.5 to 3 mH2O), in addition 

we will incorporate leaks that are a function 

of the threshold to guarantee the pressure 

drop analysis in a higher percentage of the 

network. 
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2.2 Pressures and Demands in WDS 

In water distribution systems, the fluidôs energy is represented by three components (pressure, 

elevation, and velocity). The pressure and elevation conform the piezometric energy, and 

velocity conforms the kinetic energy. According to Bernoulli's law, it is established that the 

energy must remain constant along the streamlines, since it is assumed that the mass and density 

in a closed system (water volume) does not change (Tavamani, 2016). If the system gains 

kinetic energy, the system loses piezometric energy, and vice versa, consistent with the second 

law of thermodynamics, energy is not created or destroyed, it is only transformed. 

When leaks are introduced at the system, an artificial increase in demand is caused, and 

variations in the system pressure are experimented. In conditions where there are no external 

sources of energy, such as pumps, the increment in the demand at a node would cause a 

reduction in pressure, not only at the node where the leak occurs but in the entire system (energy 

transformation), as the elevation of a node in a distribution network always remains fixed, from 

now on, every time we talk about an increase in demand, we must think about a pressure drop. 

As explained above, the pressures of the distribution networks will depend mainly on the water 

consumption required in the system; this consumption is a function of the characteristics of the 

users who require the service and how the water is distributed over time; the latter is called 

consumption pattern. These consumption patterns are calculated through historical 

measurements of the network, which estimate on average the users' consumption at different 

times of the day, being a parameter that changes over time and needs to be updated as the 

network evolves (García, 2003). 

This variation in demands is similarly reflected in the pressure behaviour of a network; Figure 

2.2-1 shows how the pressure variation of a typical node could be within a 24-hour range; the 

pressure distribution varies over time creating a pressure envelope, where exist values of 

pressure over and below an averaged value.  

This average pressure is called the initial or healthy state of the node (So), representing the 

pressure values without leaks and sets the comparison point with the new pressures generated 

when leaks are added. 

 

Figure 2.2-1 Pressure variation for a node along the day1 at one particular network location. 

                                                 
1 This figure is illustrative and does not correspond to the pressure values of Radu Negru system 
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2.2.1 Definition of the pressure threshold (Th)  

The methodology used to identify leaks consists of localizing changes in the pressure system 

based on a model-based fault diagnosis, where leaks are added node by node, and pressure 

variation is read at other nodes. For each node, the new pressures are compared with the initial 

state (So), when the pressure differences are higher than the pressure threshold (Th), we could 

infer the presence of leaks. 

This threshold value depends on three factors: the pressure sensors' sensitivity, pressure sensors' 

accuracy, and the system's pressure variation (Quintiliani & Vertommen, 2020). In practice, 

only when new pressures at one node are out of the values above and below the average (see 

Figure 2.2-1) could we consider that the anomaly is caused precisely by the presence of leaks; 

otherwise, any variation that is within a node's pressure envelope could be caused by the regular 

use of the system.  

The estimation of threshold values based on historical pressure data provides certainty because 

the limits used are adjusted to the variation of the system pressure, considering the temporal 

evolution of the demands in the system (Sanz et al., 2016). However, in cases of insufficient 

information, it is not possible to establish an exact threshold value for the system. For this 

reason, various threshold values should be evaluated in order to assess the behaviour of the 

system at different pressure drops. 

As the main objective of this study is to obtain signals of the presence of leaks, we defined a 

range of typical threshold values that could be attributed to the start of a leak, accepting that in 

some cases, pressure divergences could be attributed to daily use of the network and not due to 

leaks. 

2.2.2 Leaks estimation 

A way to estimate the leak flow in a pipe is correlating the pressure in the system with physical 

characteristic of the leak, for example, for hole type leaks, which in pressurized systems will 

act as an orifice, the flow can be represented as a function of the velocity and the area: 

   

 ὠ ὅ ςὫὖ [1]  

   

Where ὠ is the velocity of water through the orifice (m/s) 

 ὅ is the discharge coefficient (dimensionless) 

Ὣ  is the gravity (m/s2) 

ὖ is the pressure head in meters 

For an orifice of a specific area  ὃ), the flow in m3/s (ὠ ὃz) is a function of a factor 

proportional to  ὖ  (‌ πȢυ (M. Farley & Trow, 2015); however, in practice, it has been 

estimated that the proportional factor can range from ὖȢ  to ὖȢ depending on the type of 

material, leak type and leak size (Greyvenstein & Van Zyl, 2007). In this way, leaks in a system 

can take a wide range of values because the orifice's size and shape in a pipeline may vary from 

pipe to pipe. 

Several researchers have used the methodology of the orifice for leak estimation, Taravatrooy 

et al., (2020); Mohammad Sadegh Khorshidi et al., (2020); Raei et al., (2019) have suggested 

tuning the coefficients of ὅ to generate leak in the range of 0.2 y 0.5 l/s arguing that these 

values ensure a minimum change in system pressures. In contrast Pérez et al., (2009),  
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Quintiliani & Vertommen, (2020) have opted to tune the coefficients to estimate leak that 

correspond to values that have typically been measured in the system.  

The challenge of assuming leaks as a function of pressure, is to obtain different leak flows for 

every simulation step, because pressures changes at every part of the day (demand pattern); 

therefore, it is uncertain which exact leak is being evaluated. In contrast, selecting a unique 

value of leak causes that the deployment of sensors will only be functional for the estimation 

of that unique leak. For this reason, the leak estimation will not be a function of the coefficients 

or pressures; on the contrary, a range of constant leaks that generate pressure drops above the 

selected threshold will be selected, they will be included in the system as extra demands, being 

constant throughout the modelling time. In this way, it is possible to have control of the leak 

being modelled in each part of the network and at each instant of the simulation; in addition, 

with the inclusion of multiple leaks, more robust solutions can be obtained, functional to 

multiple scenarios and not only to one as suggested by other researchers. 

2.3 Demand-Driven Analysis (DDA) and Pressure-Driven 
Analysis (PDA)  

A common way to estimate the expected pressure values in a network is by using computer 

models, which are mathematical representations of the entire network that simulate ïafter 

proper calibration, their behaviour for a range of functioning scenarios. Currently, many tools 

allow us to perform these hydraulic simulations where the solution algorithms mostly solve the 

equations based on a demand-based analysis (DDA), assuming that the system's demands are 

always supplied and are independent of the pressure that exists in the system. (Reddy & Elango, 

1989). 

This assumption is adequate when the network is in typical situations, where pressures are high 

enough to supply the system; some studies (Cheung et al., 2005, Braun et al., 2017,   

Germanopoulos, 1985) have shown that the use of DDA is not adequate when it is desired to 

simulate abnormal scenarios such as the simulation of leaks where the system is induced to 

have pressure drops, considering that the demands must be a function of pressure and not 

constant. This type of models is called pressure-driven analysis (PDA) and have as main change 

the assumption that the demand at a node is constant if the pressure of this node is above a fixed 

value, the demand is zero if the pressure drops below a critical value and the demand as a 

function of pressure if it is within an intermediate value of pressures, (Raei et al., 2019). 

One of the main tools used for network simulation is EPANET; this computational tool has 

allowed solving hydraulic equations based on the conservation of mass and energy through 

systems of linear and nonlinear equations, using solution methods such as the Newton-Raphson 

technique, based on the use of a DDA, (Rossman, 2000). 

Several researchers have developed external tools to use the EPANET algorithm and implement 

a PDA approach by modifying their solution systems. (Cheung et al., 2005, Pathirana, 2012, 

Muranho et al., 2014), The United States Environmental Protection Agency (EPA) has also 

officially released the EPANET tool update, including the necessary modifications to perform 

pressure-based analysis based on Wagner's equation. (Wagner et al., 1988): 

   

 

 

[2]  
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Where: 

Ὀ: Full normal demand at node i 

ὴ: Pressure at node i 

ὖ: Limit pressure; above this value, the pressure is supplied. 

ὖ: Limit pressure; below this value, the pressure is not supplied. 

Ὡ: orifice exponent, normally equal to 0.5 (to mimic flow through an orifice) 

 

With the incorporation of these equations, leak simulation analyses can be performed and the 

results obtained are more realistic. The EPANET 2.2 engine will be used in the development of 

this research. 

2.4 Value of Information (VOI) 

The majority of daily decisions are based on preconceived concepts or criteria derived from 

experience; for example, if we see a cloudy sky and feel the humidity in the environment, 

experience tells us that it is likely to rain; in numerical terms, we would say that, based on our 

experience, there could be a 70% to 80% of chance of rain. Although this estimation is 

subjective, it influences the final decision of taking an umbrella or going out without it.  

Similarly, in WDS it is possible to estimate if a particular site is prone to leaks, based on a 

historical record of the failures in the system, with information from the residents of the 

neighbourhoods, analysis of the age of the pipes, checking their location on roads with heavy 

traffic or because there are tree roots in the vicinity, etc. Thus, all these factors can lead to the 

existence of a prior perception or belief about the condition of the network. A decision-maker 

uses these preconceived judgments to estimate the potential location of the network problem 

and based on these assumptions, will take the appropriate action, for example, go and check or 

simply do not take any action at all.  

However, what happens if we tell to the decision-maker that his/her initial perception can be 

improved by investing in a sensorôs network that gives information about the pressure variation 

in the system and could estimate with a certain probability that the pressure variation was 

caused due to the presence of leaks, it is likely that the decision-maker may decide to invest in 

this new source of information, in contrast, if the decision-maker receives the information that 

these sensors are also likely to report false alarms, sending messages of leaks when in reality 

the pressure variation was caused by normal system conditions, and in consequence, a work 

team is sent to a place where it is not required, wasting money and time, in this opportunity is 

possible that the decision-maker think twice in acquiring these sensors, having to evaluate the 

quality of the new information. 

The process to evaluate the quality of new information is approached through the concept of 

the value of information (VOI). This concept appeared in the decade of the 1960s with the work 

realized by Grayson  (1960); specifically in the economic sector of oil and gas and previously 

conceptualized in the work of Hirshleifer & Riley (1979). In the field of monitoring network 

design and the area of water management VOI has also been explored, it has also been used in 

the design of monitoring networks to detect and reduce flood impacts (Alfonso & Price, 2012), 

the estimation of probabilistic flood maps (L. Alfonso et al., 2016), the design of groundwater 

level monitoring networks (Mohammad S Khorshidi et al., 2018), and recently for the optimal 

location of pressure sensors in water distribution systems (Mohammad Sadegh Khorshidi et al., 

2020; Mohammad S Khorshidi et al., 2018), These studies will be referenced in this document 

and form a base for this thesis. 
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In the value of information concept, the perception (based on own experience) about the state 

of a system (s) is measured by probabilities or percentages of occurrence and is denoted as prior 

belief  (“ . Depending on the available states, the decision-maker can choose among a group 

of actions ὥ selecting the one which generates the maximum profit or the minimum loss. To 

evaluate the utility of each action, the Neumann-Morgenstern expected utility rule is used, in 

which the stateôs probabilities are multiplied by the costs or consequences of each action. 

 ὅȟ : 

   

 ό ὥȟ“  ὅȟ “z [3]  

   

Subsequently, the decision-maker select the action that is most useful to him/her, in this way, 

the action with higher utility is obtained as follow: 

   

 ό ὥȟ“ ÍÁØ όὥȟ“  [4]  

   

Once the decision-maker has the chance to acquire new information, she/he should be disposed 

to believe in this new information and give it utility, otherwise, the value of this information 

becomes zero and her/his final decision will be based only on her/his initial belief. The new 

information refers to the external opinion received, which in the VOI concept is represented as 

the message (m), and in this particular case, the messages come from the signals transferred by 

the pressure sensors. Accepting the new information implies that the initial perception must be 

updated; this update can be represented as follows: 

   

 
“ȟ

ήȟ  “z 

Вήȟ  “z
 [5]  

   

 

Where “ȟ  refers to the updating of the perception and ήȟ   indicates the probability of 

receiving new information (m) in each of the system states, the signals sent by the sensors have 

the particularity that they can transfer information that is in line with the state of the system, for 

example, pressure drops signals when existing leaks or transfer false alarms, pressure drops 

signal when there were no leaks or no signals when existing leaks.  

Once the system perception has been updated, the utility of taking actions using this new 

information must be evaluated in the same way that the initial utility was evaluated, thus:  

   

 ό ὥȟ“ȟ  ὅȟ “zȟ  [6]  

   

Lastly, the value of the message received is calculated as the difference between the utility of 

performing an action based on prior beliefs and the utility of acting once new information is 

acquired: 

   

 Ў ÍÁØόὥȟ“ȟ ÍÁØ όὥȟ“  [7]  
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Because there is a combination of possible states (s) of the system and possible messages (m) 

that can be transferred for each state, the total value of the information will be the utility of each 

of the possible messages; hence VOI is equal to: 

   

 
ὠὕὍ ήȟ  “z Ўz  

 

[8]  

In this way, VOI is a function of three main variables, the prior belief (“ , the costs of taking 

an action  ὅȟ  and the likelihood of receiving new and accurate information about the state 

of the system ήȟ  this for each of the states. In this methodology, the states of each of the 

nodes will be represented as óLeakô and óNot Leakô, the costs will be associated with the actions 

óGo to checkô and óDo not go to checkô, and the messages are transferred by the different 

pressure sensors to be installed, transferring óDetectedô and óNon detectedô signals. Each time 

we refer to a node that transfers a message, we will indicate it with j, and the node causing the 

disturbance will be the point where the leak is added and will be denoted with i.  

Although the value of the information should be compared to the cost of receiving this new 

information, i.e., the cost of acquiring and installing these new sensors, it will be assumed to be 

a constant for all possible sensor deployments and only the parameters mentioned in the 

equation [8] will be used. 

2.5 Information Entropy (IE) 

In section 2.2 it was indicated that a sensor would transfer a signal if there are pressure drops 

greater than a certain threshold. These pressure drops can occur in any part of the network 

because pipes and joints are part of a single interconnected system. However, the nodes closer 

to a point where a disturbance is generated shall be more affected than the points located far 

away, thus the disturbance of a node has a specific area of influence; similarly, the pressure 

sensors will have more probability of detection if they are installed closer to the point of 

disturbance.  

When installing a group of sensors, it is desired to obtain information from the majority of the 

network, which means that by adding the detection areas of each one of the sensors, it is possible 

to obtain the maximum coverage. A way to quantify the detection coverage of a sensor network 

is by determining how varied is the set of nodes that were detected, the more diversification, 

the higher the coverage. In information theory, this level of diversification is related to the level 

of uncertainty or entropy in the data set, being greater the variability of the data when the 

entropy is higher. Mathematically the entropy level of a random data set can be represented as: 

   

 
Ὄὢ ὴὼ ÌÏÇὴὼ  [9]  

   

The units of uncertainty are given by the base of the logarithm utilized, being óbitsô for the case 

of base 2, another consideration is that πz ÌÏÇπ π because values with zero probability are 

not adding or removing information, so the uncertainty remains the same. 
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As indicated above, this level of entropy will be higher if the data set is composed of a larger 

number of variables, e.g., in a basket with two balls of different colour, the probability of 

picking one ball is equal to 0.5 (1/2), so the uncertainty or entropy will be equal to: 

Ὄὢ  πȢυz ÌÏÇπȢυ πȢυz ÌÏÇπȢυ ρ   

If to this basket we add a new ball with a different colour, the probability of picking each ball 

is equal to 0.333 (1/3), and the entropy is equal to: 

Ὄὢ  πȢσσzÌÏÇπȢσσ πȢσσzÌÏÇπȢσσ πȢσσzÌÏÇπȢσσ ρȢυψ  

The uncertainty or entropy of knowing which ball will be selected is now higher.  In the case 

of leak detection, the greater the number of nodes detected, the greater the level of uncertainty 

of knowing which node was detected, so the higher the entropy, the greater the network 

coverage. 

This concept of diversification and entropy is contrary to the assumptions presented by 

Mohammad S Khorshidi et al. (2018)  and Mohammad Sadegh Khorshidi et al. (2020), where 

researchers intended to avoid redundant information, that is, to avoid sensors that transfer 

information from the same sectors of the system, this assumption could be improved, because 

there is no problem in sensors sharing information, as long as they have coverage, in fact, it is 

more efficient to have sensors that warn about pressure drops in the same zones because if any 

of them fails, the others can provide support, so a network of sensors that have greater coverage 

and that share information between them will be the most ideal and optimal. 

2.6 Optimisation 

In water distribution systems could exist areas that are more vulnerable to leaks or areas where 

a leak flow would be more critical for the system, either because of the number of users that are 

disconnected, the amount of water lost, structural damages, traffic interruption, among others, 

these types of variants suggest that identifying leaks at these points has a higher priority and it 

is more valuable for the decision-maker.  

In some cases, entities only have access to a limited number of sensors, either due to lack of 

budget or technical difficulties, and it is challenging to capture pressure drops in the whole 

WDS, because of this, there is a need to utilize the resources that are available and optimise 

them in order to include as much area as possible considering the main areas of interest. 

However, quantity and quality can be opposites, a sensor network that guarantees to locate leaks 

in the most vulnerable points is not the same as a sensor network that has larger coverage, and 

having larger coverage does not imply that leaks in the most needed areas are captured, thus, in 

some cases coverage and quality cannot be guaranteed. Since it is impossible to have sensors 

all over the network, there is a need to use numerical techniques that allow us to identify the 

optimal distribution that satisfies each of the objectives. 

For this type of exercises in which the objective functions cannot be represented analytically, it 

is required to use optimisation methodologies based on direct search, in which the most optimal 

solution is selected from a set of finite solutions, such as the use of evolutionary algorithms 

(Marquez-Calvo, 2020). This type of algorithm is based on Darwin's theory of evolution, 

simulating the biological evolution of the fittest or optimal solutions. Figure 2.6-1 explains the 

process to obtain the optimal solutions, the steps are mainly divided into five parts, I. Selection 

of random initial candidates (Parents), II. Choose the best Parents to reproduce, III. Vary genes 

of parents to generate a new solution, IV. Create parameter of evaluation to decide if new 

solutions (births) are better than initial solutions (Parents), V. Mixing the population, holding 
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best initial parents, and including new optimal solutions (births), finally, the mixed population 

is used as initial candidates. The process finishes once the stopping criteria is reached 

(Marquez-Calvo, 2020). 

 

Figure 2.6-1 Flow chart of a genetic evolutionary algorithm. 

(Solid arrows: Control flow, Dashed arrows: Data flow). (Jansen, 2013) 

One of the most common evolutionary algorithms for the solution of optimisation problems is 

the NSGA-II (Non-Dominated Sorting Genetic Algorithm) which has the characteristic of being 

able to optimise multiple objective functions and ranks sets of decision variables 

simultaneously, based on dominance to find non-dominated solutions. 

The result of this algorithm is a set of optimal solutions, also known as the Pareto-optimal set, 

in which each of the solutions identified is not better or worse than the others; they are solutions 

where the improvement of one of the objective cannot be achieved without degrading the other 

objective functions, in the case of the sensor arrangement, leak detection quality will be lost 

every time coverage is gained. Figure 2.6-2 illustrates the steps in which the algorithm generates 

new populations from initial candidates, formed by (parents) and offspring population (child) 

product of gene manipulation (a), and indicates how is the qualification process for the selection 

of the best solutions (non-dominated solutions) that are reused in the next generation (b). 

 

 
 

(a) (b) 

Figure 2.6-2 (a) Representation of NSGA II. (Deb et al., 2002),  (b) Concept of non-dominated 

sorting and crowding distance approach. (Choi & Kim, 2019).  
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 Case study  

This chapter presents the general description of the study area, the base information used to 

develop the different simulations, and the needs that exist in the sector. The information used 

in this chapter will be manipulated by using the methodology proposed in chapter 4, and the 

results will be discussed in chapter 5.   

3.1 Study Area: water distribution system (WDS) of Radu 
Negru ï Braila 

Radu Negru is one of the district metered areas (DMA) of the city of Braila, Romania. This 

zone has 2.6 km2 and is supplied from the Danube river, the raw water is collected through a 

bank intake and is sent to the Chiscani treatment plant, where it is treated and transported to the 

area of Radu Negru. 

 

Figure 3.1-1 Location of the project. 

 

For the distribution system, Braila's water authority has a calibrated hydraulic model; this is a 

model in .inp format and can be read by the modelling tool EPANET (Rossman, 2000). The 

model includes the whole WDS of the city; however, just the Radu Negru zone was used for 

our research. For this reason, Braila's water authority modified the complete model, selecting 

the DMA of Radu Negru and changing four of its inflow nodes for thanks and pumps in a way 

that the pressures and demands inside the new zone would remain the same as in the complete 

city model. 

The new model is composed by: 

Å Number of Junctions........... 305 

Å Number of Pipes ................ 254 

Å Number of Reservoirs......... 4 



 

17 

 

Å Number of Pumps .............. 4 

Å Number of Valveséééé70 

The part of the model used is the area is shown in Figure 3.1-2. 

  

Figure 3.1-2 Model of the WDS of Radu Negru - Braila. 

In addition to the hydraulic model, shapes of the cadastral information, the pipesô 

characteristics, service nodes, hydrants, roads, and primary connections was also provided.  

This information was filtered to obtain only the information required in the sector of the Radu 

Negru sector. 

 

Figure 3.1-3 Shapes files of the WDS-Braila. 

The DMA of Radu Negru has four pressure sensors already installed; these sensors' locations 

were selected because, at the same points, measurements of flow will be installed, therefore, 

the Braila authorities considered that this would be the best location. The distribution of the 

sensors is shown in Figure 3.1-4. 
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Figure 3.1-4 Location of the pressure sensors installed in DMA of Radu Negru. 

One of Braila's objectives is installing four extra pressure sensors (for a total of 8 sensors); 

therefore, our methodology's results will serve as a basis for decision-makers to define these 

new sensors' final location, however, our methodology is generic enough to be used in other 

distribution networks.  

3.1.1 Model characteristics 

Radu Negru has a hydraulic model which was calibrated by the water utility using the EPANET 

tool; For calibration purposes, four pumping stations were added to the model, which in reality 

do not exist but serve to maintain the district's pressures as close to reality as possible (as 

reported in a personal communication).  

The pumping stations are located as shown in Figure 3.1-5.   

 

Figure 3.1-5 Location of virtual pumping stations.  

Each node was affected by a unique consumption pattern to simulate consumption variation 

throughout the day; consumption above the average was shown from 8 am to 2 pm and from 6 

pm to 12 pm. 
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Figure 3.1-6 Consumption Pattern established by the water utility for the Radu Negru model. 

According to the pressure zones, Radu Negru has low zone pressures at the north side, where 

the terrain level is high, the minimum pressure is equal to 8.31 mH2O. In the south part, the 

high zone pressure presents average pressures of 20 mH2O. 

 

Figure 3.1-7 Pressure zone of Radu Negru. 

The pressure system drops from 9:00 to 11:00 and 19:00 to 21:00 and is caused by the increment 

in consumption at these hours. On the other hand, in the early morning hours (00:00 am to 6:00 

am) system has the highest pressures, with a constant value and presenting minimum variation 

in the sector's consumption. 

An example of the variety of pressures and demand in one of the nodes located in the high-

pressure zone is shown in Figure 3.1-8 

 

Figure 3.1-8 Pressures and demand variation of a node located in the high-pressure zone of 

Radu Negru. 

In some methodologies, simulations are performed in the hours of low consumption, where 

nominal pressures are high, but pressure variation is low, being more difficult to detect leaks  

and representing the worst scenario (Quintiliani & Vertommen, 2020), however, in the 

proposed methodology, the pressure variation will be studied at all times of the day, the 

objective is to detect an initial perturbation at any time of the day. Chapter 4 will indicate how 

these leaks' values will be defined and how their respective simulation will be performed. 
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 Methodology 

4.1 Introduction 

The proposed methodology seeks to find optimal locations for pressure sensors, such that they 

can detect pressure drops higher than a selected threshold (Th) that can be associated with the 

occurrence of leaks. The process consists of producing a collection of initial pressures and 

pressure deviations per node and per time step, which are generated as a response to discrete 

changes in demands (leaked network). The deviations are established with respect to pressures 

obtained from a óhealthy networkô, i.e., a water distribution network without leaks. The set of 

pressures arranged by time of the day for all nodes is called óstate matrixô as shown in section 

4.2.1.  

To generate the leaked network, it is required to define the leaks that will be added to the system 

according to the required pressure drops and the desired coverage area. for this reason it is 

defined in section  4.2.2 how the leaks will be incorporated in each of the nodes j, and in section 

4.2.3 indicates how the leak size and the pressure threshold will be estimated for each of the 

comparisons. 

After obtaining the pressure deviation matrices, each scenario is classified as ódetectedô every 

time that a node j presents pressure drops higher than the threshold (Th) due to the addition of 

a leak flow (Lf) at node i, as indicated in section 4.2.4, each node of the system will be classified 

according to the number of times that its pressure drops above the threshold in each of the leak 

scenarios, thus defining a percentage of detection. Similarly, for each scenario, the minimum 

leak required for each node i to be detected by node j will be calculated.  

Once the hydraulic parameters have been defined, the VOI and IE objective functions are 

obtained, section 4.3 describe how they are calculated using the information obtained in section 

4.2 and the formulation of the optimisation problem is presented in which the goal is to locate 

pressure sensors by maximizing their value of the information (VOI) and information entropy 

(IE). 

Section 4.4 describes the configuration process for the model simulation in Epanet and the 

libraries used for the development of the algorithm in Python that solved all the formulations 

described in sections 4.2 and 4.3. The general description of the methodology can be seen in 

Figure 4.1-1  specific steps and workflows will be discussed later. 
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Figure 4.1-1 Overall workflow of the methodology. 

 

4.2 Formulation for the leak simulation in WDS 

Below the steps required to perform the leakage simulation in a WDS are presented. 

4.2.1 Definition of the Initial State (So) and Modified State (S) Matrix  

The initial state (So) of the network is obtained using the unmodified hydraulic model results; 

each node's pressure values are stored in a matrix and used as an initial point of comparison. 

Assuming that the model provided represents the healthy system (without leaks), the process to 

obtain the pressures is to run the original model and read the resulting hourly pressures p per 

node i ὴȟ  in a distribution network of N nodes.  

Each time a new simulation is performed due to a system's modification, the new pressures of 

the whole system are obtained in a similar way to those obtained in the initial state (So). This 

new matrix will be defined as the modified state matrix (S).  The matrices representing the 

initial state and modified state consist of N columns indicating the number of nodes and T rows 

indicating the time steps. Each column shows the pressure at the node along the day, as 

indicated in Table 4.2-1. 

 

 

 

 














































































































