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Abstract

The presence of leaks in water distition 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 dangge 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, giecemsors

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 accountingpr the costs of the decisianaking situation and the nature of the
decisionmaker are very limited. Moreover, the existing methods largely rely on dednevech
analysis approaches, which limit their applicability.

This thesis presents a methodology &bedmine 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 mediei 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 hasfeedimpli
framework with practical interpretation, involves the judgment of decisiakers and switches

from the assumption of a demaddven analysis to a more realistic approach in which the
demands are a function of the pressure's system (pressegna 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, hadsdhe

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 mwiethed is depending on the
selection of the threshold in pressure that is considered criticakphdolyct of this research is

the Sensor DetectioWalue (SDV) index, which is based on VOI concepts and that facilitate
the application of the methodologgdathe interpretation of the results.
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Chapter 1 Introduction

1.1 Background

The presence of leaks ia water distribution system (WDS) causes a variety of problems,
including the loss of drinking watéCapponi et al., 2017}he deterioration of the quality of
supply water due to the intrusion of substances into the sy&efrarley et al., @09), the
structural damage caused by infiltratiqi®once et al., 2014nd 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 theystem's miéunctioning (Quintiliani & Vertommen, 2020)

For this reason, water utilities regularly work on developing methods that help locate leaks in
the least possible tim&@hese methods can be active and/or passive, depending on the strategy
used. Orthe one hand, the active methods include a physical inspection of the pipes, the use of
acoustic sensors or gas tracers, ground penetration radareahfraaging, among other@.

Farley & Trow, 2015) On the other hand, the passive methods depend on secondary evidence
of leaks, such as checking unexpected changes in the nésymdssure valugRaei et al.,

2019) A common way to estimate the expected pressure values in a network is by using
computer modelsyhich 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 mgass®de value can warn
about leak'spotential existenc€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
decde where the available sensors should be located to maximize their usefOlpiass
distribution of sensors will help identify the presence of leaks with more extensive network
coverage and, combined with methods for finding their specific locatiomedace the time

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

Multiple investigationfiave been developed to buddmputational framewogfor the optimal
location of sensorsB. Farley, Boxall, and Mounc€009; Pérez et al(2009; Sanz efal.
(2010; Raei et al(2018; Quintiliani and Vertomme(R020) preseredalternatives of sesor
deployment usinghe theory of modebased fault diagnosis, where pressures of the system
without leaks area compared with the pressures in the systemitdeceested nder leak
conditions. Aalysis of uncertainty were included Byaravatrooy et al(2020; Jung & Kim,
(2017); Steffelbauer & Fuchslanusch(2016) and the use of novelty concepts as the use of
information theoryhave bee explorel by Mohammad Sadegh Khorshidi et §2020)

Although progress has been made in developing methodologies, thetit gaps that ca be
addressedror example, most dhemassumed demardtiven approaches (DDA), where all
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nodes' demand could be supplied regardless of the network's pressurethedwsssumption
could be distant for realifypecause in leakcenarioexist nodes whe the pressure drops at a
point that demands are reduced or even not supplied, conseqtietplutions obtaineih
previous studiesnay not be adequate for the real wofRkei et al., 2019)This research
proposes to use a pressdrezenapproactwhere demands are furan 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 detec®abong othersvere the basis for the cloa of the best set of
sensors. dwever al these methodologies have the objectivegenerateoolsto support the
decisionmaker to execute a specific measure, but in most of the methodologies the opinion of
the decisiormaker vas not consideredh practicenot 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 (decisiommakers) will know where to locate these points of particulantie and will

have their own needs, so, the inclusion of a parameter that considers the dvalsio’s
perception is required.

For this reason, concepts such as the value of information and principiésmfation heory

such as entropy will be usetihe goal is to obtain nodes thas the maximum value for the
decisionmaker, and simultaneously, that provides the maximum amount of information from
the systemThe concept of the value of information (VOI) has been used in many disciplines,
for exampe, in the oil and gas sector for the evaluation of operafBise, 2014) for
groundwater quality monitoring(Hosseini & Kerachian, 2017¥or flood monitoring and
impact assessmerfAlfonso, 2010) for water quality assessmefffhagadan, 2008and
recently, a first attempt to apply VOI for the optimal location of sens@s made by
Mohammad Sadegh Khorshidi et §2020)who assumethat each node can be assigned a
VOI, and those with the maximum value would be selected as thede$idates to locate a
sensor. However, despite using the concept of the value of informiese, authors failed to
incorporate the perception of the decisioaker.

Apart from selecting the nodes with higher V@ihich is an indicator of the qualityf the
information obtainedit is also necessary to determitie quantity of informatiorobtained,
selectingthe best ombination of multiplenodes where sensgpsovide more information or
more extensive coverage in detecting pressure changes in tamsy® this end, concepts
such as information entropy (IE) (Singh 1997) can be applied.

This methodology aimsot combine different approachespnsidering decisiornma k er 6 s
judgement based on VOI and entrompnceptsincluding analysis of sources of untzénty
evaluating differentieaks and threshold values andsing a pressurdriven analysis.The
methodology is expected to be usefulpracticebecause itsesults will beappliedfor the
location ofpressuresensors in a real distribution netwddcalized in the water distribution
systemgWDS) in Braila, Romaniaunder the framework of the H2020 NAIADES project.



1.2 Research Objective

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

of pressure sensorsrfdeak detection, considering a pressdreven analysis, sources of
uncertainty and using value of information and information theory concepts. This objective will
be accomplished by answering the following research questions:

A How to formulate a methodaly to optimise the location of pressure sensors, using
concepts of value of information and information entropy?

A How can pressurdriven analysis be performeagsing the available modelling systets
According to the previous questions, two sjestions aabe formulated:

A To what extent it is appropriate to use the concept of the value of information as a
parameter that includes the perception of the decisiaker?

A 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 followingspects

A The use of a pressutiven nodel in developing a computational framework based on
a hybrid value of information and informati@mtropy approach for the optimal location
of sensors.

A The application of a mukbbjective optimisation considering thg@erception of the
decisionmaker

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 (Roajamihich 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. pesents the introduction to the topic, objectivesgestigation gaps and research
questions as already explained.

Chapter 2shows 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
estalished.



Chapter 3describeghe 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.

Chapter4. 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. Additionallyefines the
optimisation problem and specified the objective functions and the resolution algorithms
required.

Chapter 5provides examples of calculation, analysis and discussion of the results obtained, as
well as the use of the methodology in a rea@&nscio, comparing its functionality against an
already installed sensor network.

Chapter 6shows conclusions on the different results obtained, and provides an answer to the
guestions formulated in chapter 1. In addition, it provides recommendationsuier fesearch.

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



Chapter 2 Literature Review

Chapter 2 discusses different ideas about the optimal deployment of pressure sensors. It
describes some limitations, findjs 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 presdomsed 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 irChapter 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  takethe corresponding decisianaking actions to reduce water loss and othetegla
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 radarredrenagig, among othergM. Farley &

Trow, 2015) However, although the leak can be pinpointed directly, these approaches are not
appropriate for large systems because of economic limitgi8ame et al., 2016Dn the other

hand, the passive mettt®depend on secondary evidence of leaks, such as checking unexpected
changes in the network's pressure valireei et al., 2019)Generally, the presence of leaks
increases the flowand velocitiesn the networkcausing larger hydraulic losses and generating
pressure dropg¢Tavamani, 2016)Therefore, if the pressure values detected at a node are
outside the normal rangeie could attrilite it to the presence of leak& common way to
estimate the expected pressure values in a network is by usingteommgdels, which are
mathematical representations oé tintire network, that simulaédter proper calibration, their
behaviour for a range of functioning scenarios. Furthermore, real pressure values are obtained
from measurements in the field, for exdeypvith the help of pressure sensors.

The use of passive methods are preferred because their operational costs are lower than the
active methodg¢Raei et al., 2018however, theseptimisation methodologies are affected by

the high computational load, many simulations are required for networks withrmadas and
consequently, the problem has to be simplified, decreésidgcision space (skeletonization),

also, the useof faster but less accuratgtimisation algorithmsare requiredMohammad 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 withouddjusting the original problem. For thieethodologic all the nodes of the
system will be explored as possible candidates.

One of the most widely implemented methodologies to locate pressure sensors is lthsed on
comparison between the pressure obtained from the simulation without incorpéeakiag
(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 valfighe leak that caused the
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disturbance, thus generating a sewgy matrix composed of residual vecto®udar &
Liggett, 1992 B. Farley, Boxall, and Mounce 2009; Pérez et al2@anz et al. 2016; Raei et
al. 2018; Quintiliani and Vertommen 202@dditionally, diverse authors have incorporated in
their analyses sources of uncertainty tsus variation in demands, leakzes, threshold
variation, physical properties of the plipes, among other@ejjari et al., 2015Steffelbauer

& FuchsHanusch, 2016Taravatrooy et al., 2020)

Blesa et al., (2014pbtairedimportant findings such as that the location of the sensors are not
sensitive to the size of the lessndRaei et al., (2019pundthat the variatiof the threshold

may have a negligible effect on the location of the senktmwever, nost of the researchers
applied nethods based on a demashiven (DDA), assuminghat all nodes' demand could be
supplied regardless of the network's pressure valeasy lan assumption distant from reality.
When leaks occur, there may be interruptions in water service, i.e., nodes where the pressure is
too low that demds are reduced or not supplied, this analysis can be performegresagre
drivenanalysis (PB\) which offers more realistic results than demamnigen models(Braun

et al., 2017) becase the demands are function of the pressure, therefore, previous analyses
need to be updated, incorporating this new approach.

The optimisation problem for sensdocalizationhas been a widely studied topic, and for the
reader's judgement it is indicatidht 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
investigatedare presented below.

Table2.1-1. Literature review, findings, gaps and proposals.

approach, concepts such
VOI and Transinfomation
Entropy (TE). In addition, i
proposes a function to sele
the best solution within th
set of solutions resulting fror
the optimisationprocess.

Author What wasproposed? What is missingand what is proposed
(Mohammad | This research proposes |In the VOI formulation, unintuitive
Sadegh workflow for optimal senso| parameters for the decisionaker were
Khorshidi et | deployment, incorporatin{ used, for example, the doand decisior
al., 2020) hybrid informatiorentropy| matrix did not consist of either monetg

values or real actions that the decisi
maker could execute, so that the criti
evaluation of what decision to take once
information from a sensor was receiv
could not be execute®n the oher hand,
considerably low leaks (0.2 I/s0.5 I/s)
were evaluated to generate pressure d
of one (1) mH20, this response of t
network may be associated with the nori
variation that exists in distribution systen

This work will include the decisitmaker's
perception of the system and W
incorporate realistic economic valuder
each action to be performed in the ¢
matrix for VOI calculation Additionally,
different types of leaks to review tf
behaviour of the network under differe
scenamswill be evaluated




Author What wasproposed? What is missingand what is proposed
(Quintiliani & | This work proposes The methodology was evaluated using
Vertommen, | methodology that useg single constant leak value, concluding t
2020) numerical optimisation | approximaely 50% of the network coul

techniques combined with th not be detected, part of this lack of cover
engineering judgemer was because some of the nodes where
provided by the collaboratio| leaks were incorporated did not cal
of water utilities to determin( pressure drops in the netwohnkgher than
the most opimal number ang the selected threshold value, indicating t
layout of pressure sensor| the leak tesidinfluence just aertain part
additionally, it applies the of the network.At the same time, he
methodology to a realVDS | analysis was applied to a reabrld
and formulates the project problem; however,it is not clearif was
own needs as an objectiy assumedthe use of a demartdtiven
function. approach consideringthat node demands
could always be supplied despdperating
the network with water losses of 60 m3
( & 1 7causédby)leaks.
In this work is proposed to analyses sev
leakvaluesto guarantee pressure dedp a
|l arger number ,plds,the
incorporation ofa pressurdased model t
evaluatevariations in the demand caused
pressure drop resulting from the addition
leaks in the system.
(Raei et al., | This methodology wabased Different threshold values were consid
2019) on a sensitivity matrix| toevaluate sources of uncertaintpwever,

approach to createa list of
potential sensor location
exploring objectives such 3
minimizing the number of
sensors and detection time.
In addition, they incorporate
the measurement of pressu
as a source of uncertaint
exploring different errors
implicit in the devices used t
capture pressure values.

the values were similar (0.29.75 mH20)
and too small to be used in redife

scenarios. ltvas concluded that 10 sens
coulddetect leaks ithe entire network, bu
this resuls could be associated tthe
threshold values selected, because ¢
small pressure variations can be produce
any point in the network, thus biasing t
detection results.

In this methodology we propose to evalu
threshold values more in line with tho
expected in reality ahwith a wider rangg
of evaluation (0.5 to 3 mH20), in additid
we will incorporate leaks that are a functi
of the threshold to guarantee the presg
drop analysis in a higher percentage of
network.




2.2 Pressures and Demands in WDS

In water distribtion systemst h e f | u iisdepresergethyethreg gomponents (pressure,
elevation and velocity) The pressure anelevationconform the piezometric energy, and
velocity conforms the kinetic energgccording to Bernoulli's law, it is establishedttihe

energy must remain constant along the streamlines, since it is assumed that the mass and density
in a closed system (water volume) does not chgiigeamani, 2016)If the system gam

kinetic energythe systentoses piezometic energyand vice versa,consistent with the second

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

When leak are introduced at the systelan artificial increase in demang causedand
variationsin the system presire areexperimentedln conditions where there are no external
sources of energysuch as pumpghe increment in thelemand at a node would cause a
reduction in pressure, not only at the node where the leak occurs but in theystéine (energy
transbrmation), asheelevationof a node in a distributionetwork always remains fixedpm
now on every time we talk about an increase in demamdmust think about pressure drap

As explained abovyehe pressures of the distribution networks will depeainly on the water
consumption required in the systetims consumption is a function of the characteristics of the
users who require the service amulv the water is distributed over timthe latter is called
consumption pattern.These consumption tfiarns are calculated through historical
measurements of the networkhich 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 evolvegGarcia, 2003)

This variation in demands is similarly reflected in the pressure balafi@ néwork; Figure

2.2-1 showshow the pressure variation otypical node could be within a 2dour range; the
pressure distributiovaries over time creating a pressure envelope, where exist values of
pressure over @belowanaveraed value

This average pressure called the initialor healthystateof the node (So);epresenting the
pressure values wviiout leaks and sets the comparison point with the new pressures generated
when leaks are added.
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Figure2.2-1 Pressure variation for a node along theld@dyne particular network location.

1 This figure & illustrative and does not correspond to the pressure values of Radu Negru system



2.2.1 Definition of the pressure threshold (Th)

The methodology uset identfy leaks consist of localzing changes in the pressure system
based ora modetlbased fault diagnosisvhere leaks are added node by node, and pressure
variation isreadat other nodest-or each nodehe new pressures are compared with the initial
state §0), when thepressuralifferences arehigher tharthe pressure threshd(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 varigtnntiliani & Vertommen, 2020)In practice

only when new pressurest one nodeare out ofthe valies above and below the average (see
Figure2.2-1) could we consider that the anomaly is caused precisely by the presence of leaks;
otherwiseany variation that is within a node's geseenvelopecould 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 pressmsadering the temporal
evolution of the demands in the systéganz et b, 2016) However, in cases of insufficient
information, it is not possible to establish aexactthreshold value for the systeifor this

reason various threshold values should be evaluated in order to assess the lebhthe

sydem at different pFssure drops.

As the main objective of this study is to obtain signals of the presence of leaks, we defined a
range ottypical threshold valuethat could be attributed to the start of a leak, accepting that in
some cases, pressure divergasmoaild be atibuted 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 correlatimgpressure in the system with physical
characteristic of the lealkor example, fohole type leaks, which in pressurizegstems will
act as an orifice, the flow can bepresented as function of the velocity and the area

—_—
3

® 6 Q0 [1]
Wherewis the velocity of water tlough the orifice (m/s)
0 is the dischage coeficient (dimensionless)
"Qis the gravity (m/s?)
0 is thepressure head in meters

For an orificeof a specificarea 0), the flow in m3/s @z 0) is a function of a factor
proportional to 0 ( ™ (M. Farley & Trow, 2015) however, in practiceit has been
estimated that the proportional factor can range fiofh to 0 & depending on the type of
material, leakype and leakize(Greyvenstein & Van Zyl, 2007)n this way, leaks in a system
can take avide range of values becautte orifice's size and sham a pipelinanay vary from

pipe to pipe
Several researchersuweausedhe methodologyof the orificefor leak estimationTaravatrooy
et al.,(2020; Mohammad Sadegh Khorshidi et 42020; Raei et al.(2019)have suggested

tuning the coefficients ob to generate leak in the range®® y 0.5 I/sarguing that these
values ensure a mimum change in system pressures. In contRétez 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 tyfiicdeen measured in the system.

The challenge of assuming leaks as a function of pressuceoliain different leak flowgor

every simulation stefyecause pressures changes at every part of the day (demand;pattern)
therefore, it is uncertain which exact leak is being evaludtedontrast selecting a unique
value of leak causes that the deploytnef sensors will only be functional for thetienation

of that unique leal-or this reason, the leak estimation will not be a function of the coefficients
or pressureson the contrary, a range obnstanieaks that generate pressure drops above the
sdected threshold will be selectedhety 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 instdme¢ 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 sinaflate
proper calibration, their behaviour for a range of functioning scen&@igsently, many tools

allow us to perform these hydraulic simulations where the solution algorithms mostly solve the
equations based on a demased analysis (DDARssuminghat thesystem's demandse

always supplied and are independent of the predkat exists in the syste(®Reddy & Elango,

1989)

This assumption is adequate when the networktigiical situations, where pressures are high
enough to supply the systemsome studie§Cheung et al.,, 2005Braun et al., 2017
Germanopoulos, 198%ave shown that the use of DD#not adequate when it is desired to
simulate abnormal scenarios such as thrulation 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 presslingen analysis (PDA) and have as main change

the assumption thatétdemand 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 amtermediate value of pressur@aei et al., 2019)

One of the mairiools used for network simulation is EPANERis 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 Riapitson
techniquepased on the use of a DD@ossman, 2000)

Several researchers have developed externalttoote the EPANET algorithm and implement

a PDA approach by modifying their solution systef@heung et al., 200%Rathirana, 2012
Muranho et al., 2014)The United States Environmental Protection Agency (EPA) has also
officially released the EPANET tool update, includthg necessary modifications to perform
pressurebased analysis based on Wagner's equdtdagner et al., 1988)

D; R Py
di={ Di(p=f) R<p<P [2]
0 pi<h
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Where:

O: Full normal demand at node i

: Pressure at node i

. Limit pressureabove this valughe pressure is supplied.

- Limit pressurebelow this valuethe pressure is not supplied.

'Q orifice exponent, normally equed 0.5 (to mimic flow through an orifice)

C C15-

With the incorporation of these equations, leak simulation analyses can be performed and the
results obtainedre more realistic. The EPANEZ2 enginewill 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, weldvsay that, based on our
experience, there could be a 70% to 80% of chance of rain. Although this estimation is
subjective, it influences thenal decisionof taking an umbrella agoingout without it

Similarly, in WDS it is possible to estimate af particular site is prone to leaks, based on a
historical record of the failures in the systewith information from theresidents of the
neighbourhoodsanalysis othe age of the pipesheckingtheir location on roads with heavy
traffic or because the 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 netivaticisionmaker

uses these preconceived judgments to estimate the potential location of thek pebliem

and based on these assumptjovill 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 decisioraker that his/her initial perception can be
improved by inveing in as e n snetwabkghagivesinformation about the pressure variation
in the system andould estimate with a certain probability that theessure variation was
caused due to theresnce of leakdt is likely that the decisiomaker may decid® invest in
this new source of information, in contragtthe decisioamaker receives the information that
these sensom@realsolikely to reportfalse alarmssending messages of leakken in reality
the pressure variation was caused by normal systerditions, and in coegjuencea work
team is sent to place where it is not required, wasting money and timthis opportunity is
possible thathe decisiormakerthink twice in acquiring these sensdnsying to evaluatéhe
guality of the new infamation.

The process$o evaluateahe quality of new information is approached through the concept of
the value of information (VOI). fiis concept appeared in thecdde of the 1960s with the work
realizedby Grayson (1960Q)speciically in the economic sector of oil and gas and previously
conceptualized in the work dfirshleifer & Riley 1979) In the field of monitoringhetwork
designand the area of water managathVOI has also been exploretdhas also been used in
the desigrof monitoring networkso detect and reduce flood impaéfdfonso & Price, 2019,

the estimation of probabilistic flood mafis Alfonso et al., 2016)the desin of groundwater
level monitoring networkéMohammad S Khorshidi et al., 2018nd recently for the optimal
locaion of pressuresensors in water distribution syste(Mohammad SaddégKhorshidi et al.,
2020 Mohammad S Khorshidi et al., 2018hese studies will be referenced in this document
and fom a base for this thesis.

11



In the value of informatiooncept the perception (based on own experience) about the state

of a systengs)is measured by probabilities or percentages of occurrence and is denoted as prior

belief (* . Depending on thevailable states, the decisiomaker can choose among a group

of actions @ selecting the one which generatesitieximum profit or the minimurntoss.To

evaluate theutility of each action, the NemannMorgenstern expected utility rule is used, in

which the s t a prebabdities are multiplied by the costs or consequences of each action.
0 q

0 ot 0p2" [3]

Subsequently, the decisionaker select the action that is most us&sutim/her, in this way,
the action with higher utility is obtained as follow:

o OH i A@ it [4]

Once the decisiemaker 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 ini@é& conceptis represented as

the messagém), and in this particular casthe messages come from gignalstransferred by

the pressure sensoiccepting the new information implies that the initial perception must be
updatedthis update can be regented as follows:

. Nh?
BRI [5]

Where“ ; refers to the updating of the perception and, indicates the probability of
receiving new informatiofm) in each of the system statdse signals sent by the sensors have
the particularity that they caransferinformation that is in line with the state of the systén
example, pressure droggnalswhen exising leaksor transferfalse alarmspressue dros
signal when there were no leaks or no signals whenrexlstks.

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, thu

o0 o | Of2" j [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 utilitgcthg once new information is
acquired:

Yy 1 A@ iy i A@ it [7]
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Because theris a combination of possible statgsy of the system and possible messagas
that carbe transferrefor each statghe total value of the information will be the utility of each
of the possible messagé®nce VOI is equal to:

e S eze 2y
N r [8]

In this way, VOlI is a function of threeaim variables, the prior beli€f , the costs of taking

an action 0 5 and the likelihood of receiving new and accurate information about the state
of the systemn]  this for each of the states. In this methodology, the stateaabf of the
nodes will be represented@eakdbanddNot Leald the costs will be associated with the actions
@Go to checkand ®o not go to chedk and the messages are transferred by the different
pressure sensors to be installed, transfedaecteldoanddNon detectedsignals. Each time

we refer to a node that transfers a message, we will indicate if,\aitldl the node causing the
disturbance will be the point where the leak is added and will be denoted with

Although the value of the informiah 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 section2.2it was indicated that a sensor would transfer a signal if there are pressure drops
greater than a certain threshold. These pressure drops caniroeawy 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 nodes la 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 majahty of
netwak, which means that by adding the detection avéaach one of the sensors, it is possible

to obtain the maximum coverageway to quantify the detection coverage of a sensor network

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

the higher the coverage. In information thedhnys 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 higherMathamnatically the entropy level of a random data set can be represented as:

06 Aoligo [9]

The units of uncertainty agdven by the base of the logarithm utilized, bednigsdfor the case
of base 2, another consideration is thatl | € mbecause 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 setigposed of a larger
number of variables, e.g., in a basket witlo balls of differentcolour, the probability of
picking one ball is equal 1.5 (1/2) so the uncertainty or entropy will be equal to:

O ® ™zl T @ ™zl T @ 0
If to this basket we add a new ball with a differealour, the probability of picking each ball
is equal td.333 (1/3) and the entropy is equal:to

O & ™ol |l o Mol Il @o ™ol l o pdyY
The uncertainty orrgropy 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 thek netwo
coverage.

This concept of diversification and entropy is contrary to the assumptions presented by
Mohammad S Khorshidt al. (2018)andMohammad Sadegh Khorshidi et al. (202@here
researchers intended to avoid redundant information, that is, to avoid sensdraniatr
information from the same sectors of the system, this assungatida be improvedbecause

there is no problem in sensors sharing information, as long as thegteaerage, 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 betwe&em will be the most ideal and optimal.

2.6 Optimisation

In water distribution systems could exaseas that are more vulnerable to leaks or areas where
a leakflow would be more critical for the system, either because of the number of users that are
disconneted, the amount of water Igstructural damages, traffic interruption, among others,
these types of variants suggest that identifying leaks at these points has a higheapdatity

is more valuable for the decisionaker

In some cases, entitieslgrhave access to a limited number of sensors, either due to lack of
budget or technical difficultiesand it ischallengingto capture pressure drops in the whole

WDS, because of thishere is a need to utilize the resources that are availablepdincise

them in order to include as much area as possibsidering 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 néhabhas larger coverage, and

having larger coverage does not imply that leaks in the most neededrareapturedhus in

some cases coverage and quality cannot be guaranteed. Since it is impossible to have sensors
all over the network, there is a we® 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 useptimisation methdologies 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
(MarquezCalvo, 2020) This type of algorithm idased on Darwin's theory of evolution,
simulating the biological evolution of the fittest or optimal solutidghgure2.6-1 explairs the
process to obtain the optimal solutions, the steps are mainly dividdd/eparts |. Selection

of randominitial candidates (Parents), Thoose the best Parentgéproducelll. Vary genes

of parents to generagenew solution IV. Create parameter of evaluation to decide if new
solutions (births) are better than initial solutions (PareiMsMixing the populationholding
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best initialparents, and including new optimal solutions (birttisilly, the mixed population
is used a initial candidatesThe proess finishes once the stopping criteria is reached
(MarquezCalvo, 2020)
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Figure2.6-1 Flow chart of a genetic evolutionaalgorithm.
(Solid arrows: Control flow, Dashed arrows: Data flo@ansen, 2013)

One of the most common evolutiogagorithms for the solution ajptimisation problems is
theNSGA-1l (Non-Dominated Sorting Genetic Algorithmhich has the characteristic of being
able to optimise multiple objective functions and ranks sets of decision variables
simultaneously, baseash dominance to find nedominated saitions.

The result of this algorithm is a set of optimal soluti@sp known ashe Pareteoptimal set,

in which each of the solutions identifieshot better or worse than the otheley are solutions
where the improvement of one of the objectiaenot 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 gainddgure2.6-2 illustrates the steps in which the algorithnrmgeates

new populations fronmitial candidates, formed by &pents) and offspring population{gd)

product of gene manipulation (a), and indicates how is the qualification process for the selection
of the best solutions (nesiominated solutions) thatereused in the next generation (b).

New population
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Figure2.6-2 (a) Representation of NSGA I{Deb et al., 2002)(b) Concept of nomlominated
sorting and crowding distance approa@hoi & Kim, 2019)
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Chapter 3 Case study

This chapter presents the general description of the study area, the base information used to
develop the different simulations, and the reettht 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 i Braila

Radu Negru is one of the district metered areas (DMAJ}h& city of Braila, Romania. This

zone has 2.6 kfrand is suppliedrom the Danube riverheraw water is collected through a

bank intake and is sent to the Chiscani treatment plant, wheteeated ad transported to the
area of Radu Negru.

Area: 2.6 Km2

Figure3.1-1 Location of the project.

For the distribution systenBraila’'s water authority has a calibrategtraulic model; this is a
model in.inp format and ca be read by thenodellingtool EPANET (Rossman, 2000)he
model includes the whole WDS of the c¢ityowever,just theRadu Negru zonwas used for

our researchFor this reasonBraila's water authority modified themplete modelselecting

the DMA o Radu Negru andhanging fouof its inflow nodes for thanks and pumps in a way
that the pressures and d@mas inside the new zone would remain the same as in the complete
city model.

Thenew model is composed by

A Number of Junctions........... 305
A Number of Pipes ................ 254
A Number of Reservoirs......... 4
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A Number of Pumps .............. 4
A Numberof\al veséééé70
The part of the model usedtise areas shown inFigure3.1-2.

Figure3.1-2 Model of the WDS of Radu NegrBraila.

In addition to the hydraulic modelshapes of h cadastr al

characteristics, service nodes, hydrants, roads, and primary connections \pas\édisa

nf or mat

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

Negru sector.

Figure3.1-3 Shapes files of the WDBraila.

The DMA of Radu Negruhasfour pressuresensors already installethese sensors' locati®n
were selected becaysd the same pointsneasurements of flow will be installettherefore,
the Braila authorities considered thhis would be the best locatiomhe distribution of the
sensorss shown inFigure3.1-4.
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Figure3.1-4 Location d the pressuresensos installed in DMA of Radu Negru.

One of Braila's objectives is installing four expreessuresensorgfor a total of 8 sensors)
therefore, our methodology's results will serve as a basis for deaisikers to define these
new sensordinal 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 purposg®ur pumping stations were added to the modalich 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 showkigare3.1-5.

7 GABrailg

RaduNegruMare

Figure3.1-5 Location of virtual pumping stations.

Each node was affectdry a unique consumption pattetm simulate consumption variation
throughout the daysonsunption above the averageas showrfrom 8 am to 2 pm and from 6
pm to 12 pm.
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Figure3.1-6 Consumption Pattern established by the water utility for the Radu Negru model.

According to the pressure zones, R&tkgru has low zone pressures at the north side, where
the terrain level is high, the minimum pressure is equal to 8.31 mi2®e south parthe
high zone pressure presents average pressures of 20 mH20.

Low pressure zone

Pressure
5.00
10.00
15.00
20.00

m
~\ /" High pressure zone

Figure3.1-7 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 higdtgpressures, with a constant value and presenting minimum variation
in the sector's consumption.

An example of the variety of pressures and demarahe of the nodes located in the high
pressure zones shown inFigure3.1-8
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Figure3.1-8 Pressures and demand variatiomabdelocated in the higipressure zonef
Radu Negru.

In some methodologies, simulations are performed in the hodosvofonsumption,where
nominal pressures are highut pressure variation is low, being more difficult to detect leaks
and representing the worst scena@uintiliani & Vertommen, 202Q) however, in the
proposed methodology, the pressure variation will be stualieadl times of the day,he
objective is to detect anitral perturbation at any time of the dayhapter 4will indicate how
these leaks' values will be defined and how their respective simulation will be performed.
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Chapter 4 Methodology

4.1 Introduction

The proposed methodology seeks to find optimal locations for pressure sensors, such that they
can detect pressure dropigher than a selected thresh@ldh) that can be associatedth the

occurrence ofeaks. The process consists of produciagollection ofinitial 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 fromka, 6heal t hg wat wor di sThesetiofut i on
pressures arranged by time of askwndrasgtionf or al
4.2.1

To generate the leaknetwork, it is required to definbé 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 sectio.2.2how the leaks will be incorporated in each of the npdssd insection
4.2.3indicates 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 classifteteatedevery

time thata noce j presents pressure drops higher than the threshb)di(e to the addition of

a leak flow (¢) at node, as indicated in sectich2.4 each node of the system will be classified
according to the number of times that itegsure drops above the threshold in each of the leak
scenarios, thus defining a percentage of detection. Similarly, for each scenario, the minimum
leakrequired for each noddo be detected by noglevill be calculated

Once the hydraulic parameters balveen defined, the VOI and IE objective functions are
obtainedsectiord.3describehow they are calculated using the information obtained in section
4.2 and the formulation of theptimisation prolbem is presented in which the gasito locate
pressure sensors by maximizingithealue of the information (VOI) and information entropy

(IE).

Section4.4 describes the configuration process for the model simulatidipanetand the
libraries used for the development of the algorithm in Pythahsolved all théormulations
described in sectios.2 and4.3. The general description of the methodology can be seen in
Figure4.1-1 specific steps and workflows will be discussed later.
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Figure4.1-1 Overall workflow of the methodology.

4.2 Formulation for the leak simulation in WDS

Below the steps mpiired to perform the leakage simulatiorailVDSare presented.

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

The initial state (So) of theetwork is obtained using the unmodifiegdraulic model results;
each node's pressure valaes stored in a matrix and used as an initial point of comparison.

Assuming that the model provided represents the healthy sgsidmut leaks), the process to
obtain the pressures is to run the original model and read the resulting hourly pnesgures
nodei 1 inadistribution networlof 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 deealmng theday, as
indicated inTable4.2-1.
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