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estat capaços d'iniciar una nova l�́nia de recerca ajuntant els coneixements d'enginyeria

inform�atica del BCDS amb els seus coneixements d'aigua. Llu�́s, Quim, Josep i Gigi,

moltes gr�acies!

ii



M'agradaria agrair tamb́e a en Marc Comas, professor del departament d'IMAE, que

sempre s'ha mostrat disposat a ajudar-me i sempre m'ha resolt tots els dubtes estad�́stics

que he tingut durant tot el cam�́.

I would like to also thank Professor Rob Kooij and Ph.D. candidate Fenghua Wang

from Delft University of Technology (TU Delft) for their invaluable support in providing

mathematical and telecommunication formulations and measures that signi�cantly helped

and contributed to this thesis. They graciously welcomed me during my visit to their

research group facilities and were always willing to help with our research, laying the

groundwork for some exciting collaborations.
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Abstract

Urban water networks serve as lifelines for densely populated areas, facilitating the

essential functions necessary for sustaining urban life. These critical infrastructures

encompass water supply, distribution, and wastewater management, ensuring access to

clean water for drinking, sanitation, and industrial purposes.

The critical role of urban water networks cannot be overstated, as they form

the backbone of urban infrastructure. However, in recent years, water science has

faced several urgent challenges that require attention. Two particular research areas

include the necessity for wastewater surveillance to detect viruses and the optimization

of resilient reclaimed water networks. These efforts are crucial for addressing the

signi�cant challenge of water scarcity exacerbated by climate change. Without critical

infrastructures, cities would grind to a halt, facing severe repercussions on public health,

economic activity, and overall quality of life.

In our rapidly evolving technological era, graph theory provides cutting-edge

solutions to emerging challenges, primarily in telecom networks and high-tech �elds. This

thesis applies the principles of graph theory, which explores the study of graphs that are

essential mathematical structures crafted to encapsulate pairwise relationships between

objects composed of nodes and edges. Addressing challenges in urban water networks

modeled as graphs, it aims to offer innovative strategies with signi�cant societal impact

amid COVID-19 and water scarcity. Graph theory's applications transcend disciplines,

with urban water distribution networks de�ned by undirected graphs and wastewater

networks by directed graphs.

The methodology in this thesis involves a straightforward yet ef�cient �ve-phase

approach: bibliographic revision and literature gap identi�cation, data acquisition,

data preparation, algorithm development, and data analysis and processing of results.

This methodology automated data gathering and processing, simplifying algorithm

implementation, resulting in signi�cant ef�ciencies and revealing notable bene�ts.

Additionally, the cities of Girona and Lloret de Mar serve as primary real case studies
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to test the developed algorithms and present their main �ndings.

First, the sewage monitoring site selection algorithm emerged as a relevant tool for

pandemic management, meeting the original goal of optimal balance between coverage,

interference, and maintenance hole distribution. This algorithm was developed based on

prior experience with optimization and heuristic algorithms commonly used in telecom

networks, including a foundation derived from an algorithm used to position backup

controllers.

After sewage network monitoring, efforts focused on improving network resilience,

starting with analyzing tree root impacts on wastewater networks. Substantial bene�ts

were discovered through a quantitative assessment of pipe failure risk. Additionally, the

tree rearrangement algorithm signi�cantly decreased pipe failure risk and repair costs in

Girona's network, even offering substantial economic savings despite initial investment

requirements.

After applying graph theory in wastewater networks, two proposals for designing

cost-effective, resilient, and hydraulically feasible reclaimed Water Distribution Networks

(WDNs) emerged. These proposals ef�ciently compute optimal network graphs,

delivering reclaimed water up to three times more ef�ciently than manual planning.

Our algorithms evaluate and prioritize resilience, leading to signi�cant cost savings over

a 50-year period compared to conventional networks. Additionally, they conserve a

substantial amount of clean water, crucial amid ongoing drought emergencies. These

algorithms have been seamlessly integrated into the REWATnet tool and repository.

This doctoral thesis contributes signi�cantly to urban water network management

by integrating interdisciplinary research in computer science, graph theory, and

water sciences. Addressing challenges from the COVID-19 pandemic, environmental

preservation, and water scarcity, our results pave the way for ef�cient, accessible, and

economical application of innovative algorithms, tools, and decision systems. These

contributions aim to minimize costs, enhance resilience, and provide sustainability and

ef�cacy in water resource management for future urban water systems.

The algorithms developed have not only been published in prestigious academic

journals but have also been integrated into numerous applied research projects, including

CLEaN-Tour, ReUseMP3, and ReWaT, receiving a total funding ofe 517,000. These

integrated solutions have made signi�cant contributions to the community and society.

Particularly noteworthy is the interest shown by the city councils of Girona, Lloret de

Mar, and el Prat de Llobregat in applying our solutions to their systems, as evidenced

by their active participation in of�cial meetings where the results of this thesis were

xiii
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presented.
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Resumen

Las redes de agua sirven como arterias vitales paraáreas densamente pobladas, facilitando

las funciones esenciales necesarias para sostener la vida urbana. Estas infraestructuras

cŕ�ticas abarcan el suministro de agua, distribución y gestíon de aguas residuales,

garantizando el acceso a agua limpia para beber, saneamiento y �nes industriales.

El papel de estas redes no puede pasar desapercibido, ya que constituyen los

cimientos de la infraestructura urbana. Sin embargo, en losúltimos ãnos, la ciencia del

agua se ha enfrentado a varios desaf�́os urgentes que requieren atención. Dosáreas de

investigacíon particulares incluyen la necesidad de vigilancia de aguas residuales para

detectar virus y la optimización de redes de agua regenerada resilientes. Estos esfuerzos

son cruciales para abordar el desaf�́o de la escasez de agua agravado por el cambio

climático. Sin infraestructuras cr�́ticas, las ciudades se paralizar�́an, provocando graves

repercusiones en la salud pública, la actividad ecońomica y la calidad de vida.

En nuestra era tecnológica, la teoŕ�a de grafos ofrece soluciones innovadoras a

desaf́�os emergentes, principalmente en redes de telecos y campos de alta tecnolog�́a.

Esta tesis aplica los principios de la teor�́a de grafos, que explora el estudio de grafos,

estructuras mateḿaticas esenciales diseñadas para encapsular relaciones por pares entre

objetos compuestos de nodos y aristas. Al abordar los desaf�́os en las redes urbanas

de agua modeladas como grafos se pueden ofrecer estrategias innovadoras con un gran

impacto en la sociedad en problemas relacionados con la COVID-19 y la escasez de agua.

La teoŕ�a de grafos trasciende disciplinas, con redes de distribución de agua de�nidas por

grafos no dirigidos y redes de aguas residuales por grafos dirigidos.

La metodoloǵ�a de esta tesis incluye un enfoque de cinco fases sencillo y e�ciente:

revisión bibliogŕa�ca e identi�cación de brechas en la literatura, adquisición de datos,

preparacíon de datos, desarrollo de algoritmos y análisis de datos y procesamiento de

resultados. Esta metodolog�́a automatiza la recopilación y procesamiento de datos,

simpli�cando la implementacíon de algoritmos, resultando en bene�cios notables.

Además, las ciudades de Girona y Lloret de Mar sirven como casos de estudio reales
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para probar los algoritmos desarrollados y presentar sus resultados.

Primero, el algoritmo de selección de sitios de vigilancia de aguas residuales surgió

como una herramienta relevante para la gestión de pandemias, cumpliendo el objetivo

original de un equilibrioóptimo entre cobertura, interferencia y distribución de pozos

de mantenimiento. Este algoritmo se desarrolló basado en experiencias previas con

algoritmos de optimización y heuŕ�sticos coḿunmente utilizados en redes de telecos, a

partir de una base derivada de un algoritmo utilizado para posicionar controladores.

Despúes del monitoreo de la red de alcantarillado, los esfuerzos se enfocaron en

mejorar la resiliencia de estas redes, empezando con el análisis del impacto de lośarboles

en la infraestructura de aguas residuales. Se descubrieron grandes bene�cios a través de

una evaluacíon del riesgo de falla de tuber�́as. Adeḿas, el algoritmo de reordenamiento de

árboles redujo el riesgo de falla de tuber�́as y los costos de reparación en la red de Girona,

incluso ofreciendo ahorros económicos a pesar de los requisitos de inversión.

Despúes de aplicar la teor�́a de grafos en las redes de aguas residuales, surgieron

dos propuestas para diseñar redes de distribución de agua regenerada (WDNs) rentables,

resilientes e hidŕaulicamente factibles. Estas propuestas calculan grafos de redóptimos,

sirviendo agua hasta tres veces más e�cientemente que la plani�cación manual. Nuestros

algoritmos evaĺuan y priorizan la resiliencia, lo que lleva a ahorros signi�cativos en

costos en comparación con las redes convencionales. Además, se conserva una cantidad

sustancial de agua, crucial en medio de las emergencias de sequ�́a en curso. Estos

algoritmos se han integrado en la herramienta y repositorio REWATnet.

Esta tesis doctoral contribuye notablemente a la gestión de redes urbanas de agua

mediante la integración de ciencias de la computación, teoŕ�a de grafos y ciencias del

agua. Al abordar desaf�́os como la pandemia de COVID-19 y escasez de agua, nuestros

resultados allanan el camino para la aplicación e�ciente, accesible y económica de

algoritmos innovadores y sistemas de decisión. Estas contribuciones tienen como objetivo

minimizar costos, mejorar la resiliencia y proporcionar sostenibilidad y e�cacia en la

gestíon de recursos h�́dricos para futuros sistemas de agua urbanos.

Los algoritmos no solo se han publicado en revistas académicas, sino que también se

han integrado en varios proyectos de investigación, incluidos CLEaN-Tour, ReUseMP3

y ReWaT, recibiendo un �nanciamiento total dee 517,000. Estas soluciones han hecho

contribuciones importantes a la comunidad y la sociedad. Es especialmente notable el

inteŕes mostrado por los ayuntamientos de Girona, Lloret de Mar y el Prat de Llobregat

en aplicar nuestras soluciones a sus sistemas, como lo demuestra su participación activa

en reuniones o�ciales donde se presentaron los resultados de esta tesis.
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Resum

Les xarxes d'aigua serveixen com a art�eries vitals per a�arees densament poblades,

facilitant les funcions essencials necess�aries per sostenir la vida urbana. Aquestes

infraestructures cr�́tiques inclouen el subministrament d'aigua, la distribució i la gestío

d'aigües residuals, garantint l'accés a aigua per beure, sanejament i usos industrials.

El paper d'aquestes xarxes no pot passar desapercebut, ja que constitueixen els

fonaments de la infraestructura urbana. Tanmateix, en els darrers anys, la ci�encia de

l'aigua s'ha enfrontat a diversos reptes urgents que requereixen atenció. Dues�arees de

recerca particulars inclouen la necessitat de vigil�ancia d'aig̈ues residuals per detectar virus

i l'optimització de xarxes d'aigua regenerada resilients. Aquests esforços són crucials per

abordar el repte de l'escassetat d'aigua agreujat pel canvi clim�atic. Sense infraestructures

cŕ�tiques, les ciutats es paralitzarien, provocant greus repercussions en la salut pública,

l'activitat econ�omica i la qualitat de vida en general.

En la nostra era tecnol�ogica, la teoria de grafs ofereix solucions innovadores a reptes

emergents, principalment en xarxes de telecomunicacions i camps d'alta tecnologia.

Aquesta tesi aplica els principis de la teoria de grafs, que explora l'estudi de grafs,

estructures matem�atiques essencials dissenyades per encapsular relacions per parells entre

objectes compostos de nodes i arestes. En abordar els reptes en les xarxes urbanes d'aigua

modelades com grafs, es poden oferir estrat�egies innovadores amb un gran impacte en la

societat en problemes relacionats amb la COVID-19 i l'escassetat d'aigua. La teoria de

grafs transcendeix disciplines, amb xarxes de distribució d'aigua de�nides per grafs no

dirigits i xarxes d'aig̈ues residuals per grafs dirigits.

La metodologia d'aquesta tesi inclou un enfocament de cinc fases senzill i e�cient:

revisió bibliogr�a�ca i identi�caci ó de mancances en la literatura, adquisició de dades,

preparacío de dades, desenvolupament d'algoritmes i an�alisi de dades i processament de

resultats. Aquesta metodologia automatitza la recopilació i el processament de dades,

simpli�cant la implementacío d'algoritmes, amb bene�cis notables. A més, les ciutats

de Girona i Lloret de Mar serveixen com a principals casos d'estudi reals per provar els
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algoritmes desenvolupats i presentar els resultats.

Primer, l'algoritme de selecció de punts de vigil�ancia a les aig̈ues residuals va sorgir

com una eina rellevant per a la gestió de pand�emies, complint l'objectiu original d'un

equilibri �optim entre cobertura, interfer�encia i distribucío dels pous de manteniment.

Aquest algoritme es va desenvolupar basat en experi�encies pr�evies amb algoritmes

d'optimitzacío i heuŕ�stics comunament utilitzats en xarxes de telecomunicacions, a partir

d'una base derivada d'un algoritme utilitzat per posicionar controladors.

Despŕes del seguiment de la xarxa de clavegueram, els esforços es van centrar a

millorar la resili�encia d'aquestes xarxes, començant amb l'an�alisi de l'impacte dels arbres

en la infraestructura d'aig̈ues residuals. Es van descobrir grans bene�cis a través d'una

avaluacío del risc de fallida de canonades. A més, l'algoritme de reordenament d'arbres

va reduir signi�cativament el risc de fallida de canonades i els costos de reparació en la

xarxa de Girona, �ns i tot oferint estalvis econ�omics malgrat els requisits d'inversió.

Despŕes d'aplicar la teoria de grafs en les xarxes d'aigües residuals, van sorgir

dues propostes per dissenyar xarxes de distribució d'aigua regenerada (WDNs) rendibles,

resilients i hidr�aulicament factibles. Aquestes propostes generen grafs de xarxa�optims,

servint aigua �ns a tres vegades més e�cientment que la plani�cació manual. Els nostres

algoritmes avaluen i prioritzen la resili�encia, aportant estalvis signi�catius en costos en

comparacío amb les xarxes convencionals. A més, es conserva una quantitat substancial

d'aigua, crucial enmig de les emerg�encies de sequera en curs. Aquests algoritmes s'han

integrat en l'eina i repositori REWATnet.

Aquesta tesi doctoral contribueix notablement a la gestió de xarxes urbanes d'aigua

mitjançant la integració de ci�encies de la computació, teoria de grafs i ci�encies de l'aigua.

En abordar reptes com la pand�emia de COVID-19 i l'escassetat d'aigua, els nostres

resultats obren el caḿ� per a l'aplicacío e�cient, accessible i econ�omica d'algoritmes

innovadors i sistemes de presa de decisions. Aquestes contribucions tenen com a objectiu

minimitzar costos, millorar la resili�encia i proporcionar sostenibilitat i e�c�acia en la gestió

de recursos h́�drics per a futurs sistemes d'aigua urbans.

Els algoritmes no noḿes s'han publicat en revistes acad�emiques, sińo que tamb́e

s'han integrat en diversos projectes de recerca, inclosos CLEaN-Tour, ReUseMP3

i ReWaT, rebent un �nançament total dee 517,000. Aquestes solucions han fet

contribucions importants a la comunitat i la societat.És especialment notable l'inter�es

mostrat pels ajuntaments de Girona, Lloret de Mar i el Prat de Llobregat en aplicar

les nostres solucions als seus sistemes, com ho demostra la seva participació activa en

reunions o�cials on es van presentar els resultats d'aquesta tesi.

xviii



Chapter 1

Introduction

1.1 Background and motivation: the COVID-19

pandemic, water scarcity, and the integration of

graph theory

Graph theory, a foundational discipline in mathematics and computer science, explores

the study of graphs, essential mathematical structures crafted to encapsulate pairwise

relationships between objects. These graphs, composed of nodes and connecting edges,

serve as maps illustrating connections between various elements. Within this framework,

edges may represent undirected paths, highlighting equality between connected nodes,

or directed, guiding singular paths from one node to another. This versatility positions

graphs as indispensable tools in discrete mathematics, enabling the modeling and analysis

of complex systems, particularly evident in the context of transport networks. Indeed, the

applicability of graph theory transcends disciplines, �nding resonance in diverse domains

such as telecommunications and water science. In telecommunications, Software-De�ned

Networking (SDN) is often represented as graphs, similarly, urban water networks in water

science can also be modeled using graph structures. Urban water distribution networks,

characterized by bidirectional �ows, are typically represented by undirected graphs.

In contrast, wastewater networks, where �ow is unidirectional towards the Wastewater

Treatment Plant (WWTP), are depicted using directed graphs.

Urban water networks serve as lifelines for densely populated areas, facilitating the

essential functions necessary for sustaining urban life [1]. These critical infrastructures

encompass water supply, distribution, and wastewater management, ensuring access to

clean water for drinking, sanitation, and industrial purposes. Amidst the bustling activity
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of urban centers, these networks operate quietly and often go unnoticed. In our rapidly

evolving technological era, computer science offers advanced solutions, predominantly

applied to telecommunication networks and other high-tech sciences, yet often overlooked

in other scienti�c �elds.

The critical role of urban water networks cannot be overstated [2]. They form the

backbone of urban infrastructure, enabling the functioning of households, businesses,

healthcare facilities, and industries. However, in recent years, water science has

encountered several pressing issues that demand attention, particularly the need for

wastewater surveillance for SARS-CoV-2 detection and the optimization of resilient

reclaimed water networks to address the signi�cant challenge of water scarcity, especially

in Mediterranean areas. Applying computer science solutions to these challenges can shed

light and offer novel strategies for the future of urban water networks, thereby delivering

a profoundly positive impact on our society. Without reliable water supplies, cities would

grind to a halt, facing severe repercussions on public health, economic activity, and overall

quality of life.

Increasing evidence suggests that sewage serves as a valuable, unbiased indicator

of virus prevalence within a population. Research groups worldwide have reported

successful detection of SARS-CoV-2 in sewage samples [3, 4]. With con�rmation that

COVID-19 patients shed SARS-CoV-2 in feces, numerous studies have demonstrated a

signi�cant correlation between the concentration of the virus in sewage and the prevalence

of COVID-19 within the corresponding population [5–8]. While this approach has

proven successful at theWWTP level, integrating data from all inhabitants within a

municipality, there remains limited experience in applying it at the neighborhood level.

Implementing `upstream' surveillance for Severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) may enable more precise spatial detection of the virus in catchments with

varying COronaVIrus Disease of 2019 (COVID-19) disease burdens. Moreover, it has the

potential to provide valuable information regarding any mitigation actions implemented

at the community level, thus offering a proactive approach to managing public health

risks.

The transition to circularity and the minimization of potable water consumption

necessitate a comprehensive redesign of water infrastructure, encompassing water reuse

networks [9]. Treated wastewater presents a valuable resource for various non-potable

purposes, such as irrigation, toilet �ushing, car washing, cleaning, and industrial uses

[10], thereby conserving a signi�cant portion of freshwater resources. Initiatives

promoting water reuse, exempli�ed by municipalities like Sant Cugat del Vall�es in Spain

[11, 12], have gained traction, particularly in multi-story buildings. However, such
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applications remain limited, and comprehensive information on the subject is scarce in

existing literature. Therefore, there is an urgent need to enhance planning strategies

for water reuse within urban settings by designing ef�cient and resilient water reuse

networks.

Resilience is a crucial consideration for urban water networks in general, especially

amidst escalating climate variability and extreme weather events. These networks face

diverse challenges, ranging from droughts affecting Water Distribution Networks (WDNs)

to tree roots in�ltrating wastewater systems, necessitating their ability to maintain

uninterrupted service delivery. Enhancing resilience entails not only strengthening

physical infrastructure but also developing adaptive strategies and integrating redundancy

to enhance preparedness and response capabilities.

The wastewater network is vulnerable to various threats, often resulting in leakages

that lead to signi�cant economic losses and pose public health hazards [13]. Pipe failures

incur direct economic costs for repairs, along with indirect costs such as infrastructure

damage, business disruption, and production losses [14]. The concept of 'urban water

security' has emerged to address such vulnerabilities, fostering a new understanding of the

intricate dynamics between human and natural systems, and paving the way for expanded

risk management strategies [15]. Leveraging available databases containing pertinent

information on pipe and risk element geolocation, such as tree roots or street works, offers

the opportunity to automate processes using mathematical algorithms. This automation

enables the determination of whether it is more prudent to address pipe failures or

leakages as they occur or to prevent them by rearranging nearby risk elements.

Ensuring resilience is also a critical issue in Water Distribution Networks (WDNs).

The consequences of pipe failures extend far beyond immediate concerns, encompassing

profound economic and environmental rami�cations. Without proactive measures to

provide resilient network designs, the risk of such failures escalates markedly, particularly

amid the ongoing challenges of water scarcity driven by climate change in numerous

regions worldwide. These repercussions may manifest as compromised public health,

disruption of essential services, signi�cant economic burdens, and wastage of substantial

water resources [16]. By offering cost-effective and hydraulically validated approaches,

automatic resilient design solutions present a viable means of preventing network failures

in both drinking and reclaimed WDNs, ultimately conserving large quantities of water

resources over the long term.

In this way, the present thesis aims to address the pressing challenges faced by

urban water networks, particularly in the context of the COVID-19 pandemic and

water scarcity. Through the incorporation of cutting-edge graph-theory methodologies,
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this research seeks to enhance surveillance strategies for early detection of pathogens

in wastewater, while also designing resilient reclaimed water networks capable of

withstanding the impacts of climate change. Through interdisciplinary approaches that

leverage computer and water sciences, this thesis endeavors to provide novel insights

and practical cost-effective strategies for ensuring the optimal surveillance, design, and

resilience of future urban water networks, thus positively impacting the overall quality of

life in urban areas.

1.2 Objectives

The general objectiveof this thesis isto advance the cost-effective management of

urban water networks by integrating interdisciplinary research from computer

science and water sciences to tackle challenges arising from the COVID-19 pandemic

and water scarcity. The primary focus is on enhancing surveillance capabilities for

pathogen detection in wastewater, optimizing water reuse networks, improving resilience

against climate variability, automating risk management processes, and designing

cost-effective solutions for urban water networks. By leveraging innovative approaches

and insights from both �elds, this research aims to contribute to the overall enhancement

of urban living standards through the development of more ef�cient, resilient, and

sustainable water management strategies.

To reach the ultimate purpose of the research, the following speci�c objectives have

been set:

1. Development of Advanced Surveillance Techniques:Implement innovative

graph-theory-based methods to enhance surveillance strategies for early detection

of pathogens, particularly focusing on SARS-CoV-2, in urban wastewater networks.

This objective involves designing algorithms capable of intelligent positioning

sensors at the neighborhood level for precise and cost-effective spatial detection

of virus prevalence.

2. Optimization of Water Reuse Network Designs: Conduct comprehensive

planning and optimization strategies for water reuse within urban settings. This

objective includes designing ef�cient water reuse networks to minimize potable

water consumption and network construction costs, leveraging treated wastewater

for various non-potable purposes while ensuring environmental sustainability and

economic bene�ts.

3. Automation of Risk Management Processes:Utilize available databases and
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innovative mathematical algorithms to automate the evaluation of pipe failure risks

within urban water networks. This objective aims to optimize decision-making

regarding pipe maintenance and leakage prevention by analyzing geolocation data

of risk elements such as tree roots or street works and other operational factors.

4. Design of Cost-Effective Resilient Network Solutions:Develop cost-effective

and hydraulically validated approaches for designing resilient WDNs. This

objective focuses on preventing network failures and conserving water resources

by implementing automatic resilient design solutions capable of withstanding the

challenges posed by climate change and water scarcity.

5. Integration of Solutions with Open Data Platforms and Applied Research

Projects The intention is to disseminate research �ndings not only through

academic articles but also to translate them into practical, modular tools freely

accessible to network managers. All data and code implementations generated

will be openly available in public code repositories. Additionally, the tools and

algorithms will be linked with speci�c applied research projects to ensure their

applicability beyond academia.

1.3 Presentation and justi�cation of the articles included

in the thesis

The �ndings of this thesis are derived from four distinct studies published in prestigious

journals, each carrying its own substantial signi�cance. These studies are presented in

four results sections (Sections 5.1 – 5.4), with each subsection dedicated to addressing

the objectives 1 to 4 outlined in this research.

The articles are interconnected, with some evolving in a “sequential” manner while

others are developed concurrently (Table 1.1, Figure 1.1). This dual approach facilitates

both a progressive exploration of research topics and simultaneous investigation of related

themes. While certain articles build upon the �ndings of preceding ones, others explore

distinct but complementary aspects of the research domain.

Table 1.1: Order and structure of the various results chapters comprising this thesis in
relation to the research objectives.

Paper 1.

Title: Optimal selection of monitoring sites in cities for SARS-CoV-2 surveillance

in sewage networks
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Authors: Calle, E.;Mart �́nez, D.; Brugúes-i-Pujolr�as, R.; Farreras, M.; Saló-Grau, J.;

Pueyo-Ros, J.; Corominas, L.

Publication: Environment International

DOI: https://doi.org/10.1016/j.envint.2021.106768

Year: 2021

Volume: 157

Pages: 106768

Abstract: Selecting sampling points to monitor traces of SARS-CoV-2 in sewage at

the intra-urban scale is no trivial task given the complexity of the networks

and the multiple technical, economic and socio-environmental constraints

involved. This paper proposes two algorithms for the automatic selection of

sampling locations in sewage networks. The �rst algorithm, is for the optimal

selection of a prede�ned number of sampling locations ensuring maximum

coverage of inhabitants and minimum overlapping amongst selected sites

(static approach). The second is for establishing a strategy of iterations

of sample&analysis to identify patient zero and hot spots of COVID-19

infected inhabitants in cities (dynamic approach). The algorithms are based

on graph-theory and are coupled to a greedy optimization algorithm.

The usefulness of the algorithms is illustrated in the case study of Girona (NE

Iberian Peninsula, 148,504 inhabitants). The results show that the algorithms

are able to automatically propose locations for a given number of stations.

In the case of Girona, always covering more than 60% of the manholes and

with less than 3% of them overlapping amongst stations. Deploying 5, 6 or 7

stations results in more than 80% coverage in manholes and more than 85%

of the inhabitants. For the dynamic sensor placement, we demonstrate that

assigning infection probabilities to each manhole as a function of the number

of inhabitants connected reduces the number of iterations required to detect

the zero patient and the hot spot areas.

Keywords: COVID-19; Wastewater-based epidemiology; Sewer; Sensor placement;

Graph theory

Oobjectives: 1. Development of Advanced Surveillance Techniques

5. Integration of Solutions with Open Data Platforms and Applied Research

Projects

Paper 2.

Title: Optimal design of water reuse networks in cities through decision support

tool development and testing
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Authors: Calle, E.;Mart �́nez, D.; Buttiglieri, G.; Corominas, L.; Farreras, M.;

Saĺo-Grau, J.; Vil�a, P.; Pueyo-Ros, J.; Comas, J.

Publication: npj Clean Water

DOI: https://doi.org/10.1038/s41545-023-00222-4

Year: 2023

Volume: 6

Pages: 23

Abstract: Water scarcity and droughts are an increasing issue in many parts of the

world. In the context of urban water systems, the transition to circularity

may imply wastewater treatment and reuse. Planning and assessment of

water reuse projects require decision-makers evaluating the cost and bene�ts

of alternative scenarios. Manual or semi-automatic approaches are still

common practice for planning both drinking and reclaimed water distribution

networks. This work illustrates a decision support tool that, based on open

data sources and graph theory coupled to greedy optimization algorithms,

is able to automatically compute the optimal reclaimed water network for a

given scenario.

The tool provides not only the maximum amount of served reclaimed water

per unit of invested cost, but also the length and diameters of the pipes

required, the location and size of storage tanks, the population served, and

the construction costs, i.e., everything under the same architecture. The

usefulness of the tool is illustrated in two different but complementary cities

in terms of size, density, and topography. The construction cost of the optimal

water reclaimed network for a city of approximately 100,000 inhabitants is

estimated to be in the range ofe 0.17–0.22/m3 (for a payback period of 30

years).

Keywords: wastewater treatment; planning; reclaimed; circular economy; graph theory;

clustering; costs

Objectives: 2. Optimization of Water Reuse Network Designs

5. Integration of Solutions with Open Data Platforms and Applied Research

Projects

Paper 3.

Title: Seamless integration of sewer system topology and tree location data: An

algorithm to diagnose the potential impact of tree roots on pipes and propose

rearrangement solutions

Authors: Mart �́nez, D.; Bergillos, S.; Corominas, L.; Comas-Cuf�́, M.; Calle, E.

Publication: Heliyon
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DOI: https://doi.org/https://doi.org/10.1016/j.heliyon.2023.e23382

Year: 2024

Volume: 10

Pages: –

Abstract: Wastewater networks are subject to several threats leading to wastewater

leakages and public health hazards. External elements such as natural factors

and human activities are common causes of wastewater leakages and require

more in-depth analysis. Prevention and rehabilitation work is essential to

secure wastewater networks and avoid pipe failures. This work presents a

new algorithm that allows for the seamless integration of sewer topology and

tree location data to diagnose the potential impact of tree roots on pipes. The

algorithm also proposes tree rearrangement options that balance the cost of

tree rearrangement with the cost of pipe repair. The paper also showcases a

real-world case study in the city of Girona to evaluate the performance of the

presented algorithms for a speci�c case focusing on tree roots as a natural

factor. Results show that it is possible to optimally rearrange a number of

the trees with the greatest impact, signi�cantly minimizing pipe failures and

wastewater leakages (82% risk reduction with only rearranging a 12% of

the most impactful trees). The rearrangement solution not only protects the

environment and prevents public health hazards, but also achieves a positive

economic payback during the operational period of the pipes, saving up to

1.33Me for a tree rearrangement of 7%. The presented methodology is

applicable to other natural or human factors.

Keywords: Wastewater leakages; Risk assessment; Pipe failures; Underground networks;

Environmental protection; Rearrangement solutions

Objectives: 3. Automation of Risk Management Processes

5. Integration of Solutions with Open Data Platforms and Applied Research

Projects

Paper 4.

Title: Enhancing reclaimed water distribution network resilience with cost-effective

meshing

Authors: Mart �́nez, D.; Bergillos, S.; Corominas, L.; Comas, J.; Wang, F.; Kooij, R.;

Calle, E.

Publication: Science of The Total Environment

DOI: https://doi.org/10.1016/j.scitotenv.2024.173051

Year: 2024

Volume: 938
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Pages: 173051

Abstract: Water Distribution Networks (WDNs) are critical infrastructures that

ensure a continuous supply of safe water to homes. In the face of

challenges, like water scarcity, establishing resilient networks is imperative,

especially in regions vulnerable to water crises. This study evaluates

the resilience of network designs through graph theory, including its

hydraulic feasibility using EPANET software, an aspect often overlooked.

Novel mathematical algorithms, including Resilience by Design (RbD) and

Resilience-strengthening (RS) algorithms, provide cost-effective and resilient

network designs, even with budget constraints. A novel metric, Water

Availability (WA), is introduced to offer a comprehensive measure of network

resilience, thereby addressing ongoing discrepancies in resilience evaluation

methods. Practical bene�ts are illustrated through a case study in which

a resilient-by-design reclaimed water network is created, and an existing

equivalent non-resilient network is improved.

The resilient-by-design network demonstrates remarkable better results

compared to the equivalent non-resilient design, including up to a 36%

reduction in the probability of service disruptions and a nearly 65% decrease

in the annual average unserved water due to service disruptions. These

�ndings underscore the enormous advantages of a resilience-focused network

design approach. When compared to the equivalent non-resilient design,

the resilience-by-design network generated effectively safeguards up to a

signi�cant 91,700 m3 of water from the impacts of water disruption events

over a 50-year operational period. Over a 50-year operational period, our

reclaimed resilient-by-design WDN solution incurs only a modest increase

in overall costs compared to consuming tap water from the drinking WDN

baseline, highlighting a cost-effective approach that saves a signi�cant

amount of water. This paper builds on our previous research by expanding

its scope to include resilience considerations, providing algorithms that can

be easily adapted from reclaimed to drinking water distribution networks.

Ultimately, we contribute to the enhancement of water resource management

and infrastructure planning in ever-evolving urban environments.

Keywords: resilience; water availability; planning; graph theory; costs; hydraulic

feasibility

Objectives: 3. Automation of Risk Management Processes

4. Design of Cost-Effective Resilient Network Solutions

5. Integration of Solutions with Open Data Platforms and Applied Research

Projects
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Figure 1.1: Interconnections among the different result chapters comprising this
research.Source: Original work.

Furthermore, Chapter 6 serves as a general discussion section that intertwines and

examines the �ndings of each article in an integrated and complementary manner. Its

purpose is to emphasize the overarching themes derived from the conclusions of the

various publications comprising this research.

1.4 Structure of the thesis

This thesis is presented in the format of a compendium of publications, each associated

with one of the speci�c objectives. It is structured into seven chapters, including the

present introduction and sections for bibliographic references.

Chapter 1 summarizes the background and motivation behind this research work

(Section 1.1), the stated general and speci�c objectives (Section 1.2), and the publications

comprising this thesis (Section 1.3), along with its overall structure (Section 1.4).

Chapter 2 establishes the theoretical foundation upon which the thesis is built,

building upon the background presented in the previous chapter. First, water network

types and challenges are introduced (Section 2.1). Next, graph theory and its role in

telecommunications and applied sciences are presented (Section 2.2).

Chapter 3 illustrates the general methodology followed in this thesis and Chapter 4

presents the justi�cation (Section 4.1) and characterization (Section 4.2) of Girona and

Lloret de Mar case-study scenarios.

Chapter 5 presents the four publications encompassed in this thesis, including:

(i) the optimal selection of monitoring sites in cities for SARS-CoV-2 surveillance

in sewage networks (Section 5.1), (ii) the optimal design of water reuse networks in
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cities through decision support tool development and testing (Section 5.2), (iii) the

seamless integration of sewer system topology and tree location data: an algorithm to

diagnose the potential impact of tree roots on pipes and propose rearrangement solutions

(Section 5.3), and (iv) the enhancement of reclaimed water distribution network resilience

with cost-effective meshing (Section 5.4). Chapter 6 serves as a general discussion

section that intertwines and examines the �ndings of each article in an integrated and

complementary manner.

Finally, Chapter 7 presents comprehensive conclusions and outlines future research

directions.
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Chapter 2

Theoretical Basis

2.1 Water networks: types and challenges

Managing water networks involves addressing numerous challenges, such as safeguarding

public health with clean drinking water, tackling environmental concerns through

wastewater management, and minimizing water drought effects through innovative

solutions like reclaimed water systems. In this section, two pivotal types of water

networks are de�ned: wastewater networks, and water distribution networks (WDNs).

Each network ful�lls a speci�c role, presenting unique technical, regulatory, and societal

challenges.

2.1.1 Wastewater networks

A wastewater network is a conglomerated system mainly comprised of underground

pipes, maintenance holes, pumping stations, and over�ow structures that work

together to collect and drain wastewater from households or industrial centers to

wastewater treatment plants. This network ensures the ef�cient transport of wastewater,

accommodating variations in �ow and preventing over�ows during heavy rainfall or

increased usage. Additionally, these networks include monitoring systems and control

mechanisms to maintain optimal performance and compliance with environmental

standards. Once treated, the water is returned to the environment or reused for bene�cial

purposes such as agriculture, irrigation, or even potable water supplies [17], ever more

widely accepted by the general public [18]. Hence, wastewater networks are critical

infrastructures and essential assets for the proper functioning of society and the economy

[19, 20].

In the context of the COVID-19 global pandemic, disease monitoring emerged as
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crucial information, particularly for decision-makers, guiding the implementation of

necessary countermeasures to �atten the epidemic curve. Given that sewage has been

con�rmed to retain concentrations of the SARS-CoV-2 virus from human feces [5–8],

monitoring these concentrations at a neighborhood level can provide a precise snapshot

of the current state of the epidemic curve, often days or weeks ahead of other methods

such as Polymerase Chain Reaction (PCR) or antigen tests conducted in medical centers

[21] (Figure 2.1). However, there is limited literature available on the optimal placement

of monitoring sites or autonomous wastewater sensors to effectively monitor the epidemic

while: (i) covering the maximum population with the fewest sensors possible, and (ii)

minimizing data interference between different monitoring sites.

Figure 2.1: Sensor deployment in a wastewater network maintenance hole for �ow
monitoring purposes.Source: Cicle de l'aigua del Ter.

External elements such as tree roots or street works are widely recognized for

their role in causing pipe failures and network disruptions (Figure 2.2). These threats

are particularly concerning in wastewater networks, as they can result in leakages that

not only incur economic losses but also pose risks to public health and contribute

to environmental contamination [22–26]. In the city of Girona, wastewater network

managers con�rm that such external factors, especially tree roots, are responsible for a

signi�cant proportion of pipe failures. With the increasing trend of cities publishing data

on open portals, including tree inventories and locations, a new line of research emerges

to understand the potential impact of trees on wastewater networks. This information

becomes crucial in planning potential tree rearrangements aimed at minimizing pipe

failures.
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Figure 2.2: Tree root intrusions in wastewater pipes.Source: [26].

2.1.2 Drinking and reclaimed water distribution networks

A water distribution network (WDN) ensures a reliable supply of water to households

and other urban infrastructures. This network comprises a system of pipes, valves,

pressure pumps, and tank facilities designed to transport water from its source to homes,

businesses, and public facilities. The network operates on a city-wide scale, spanning

across neighborhoods, and undergoing a series of processes to maintain water quality

and meet regulatory frameworks. The maintenance and monitoring of these networks is

crucial, with emerging challenges such as design costs and water leaks caused by pipe

failures [27].

Amid the escalating climate emergency, various regions worldwide are challenged

with increasingly severe water shortages, particularly evident in areas like the

Mediterranean [28]. In Catalonia, for instance, nearly 80% of the population in 2024,

amounting to approximately 6 million people, is currently facing drought emergencies,

placing immense pressure on available clean water reservoirs. As a consequence,

restrictions on drinking water distribution networks (WDNs) are anticipated. In response

to this pressing challenge, the integration of reclaimed WDNs has become imperative [9,

10]. These networks offer a viable solution by signi�cantly reducing dependence on clean

water sources. Through advanced treatment processes at wastewater treatment plants

(WWTPs), and sometimes even through decentralized methods [11, 12], wastewater is

transformed into reclaimed water suitable for various non-potable purposes such as garden

irrigation and toilet �ushing.

Constructing reclaimed water distribution networks (WDNs) necessitates substantial
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economic investments during the design and planning phases, requiring extensive

technical expertise and local knowledge. Consequently, the development of these

networks presents novel challenges, particularly in optimizing costs to achieve up to

10% savings over the network's lifetime, which is the typical cost for the manual design

phase [29]. Moreover, the focus extends beyond cost minimization; it encompasses the

creation of resilient networks capable of reducing repair expenses and minimizing service

disruptions and water loss caused by unforeseen events.

Efforts to minimize costs are intertwined to optimize network size while maximizing

water distribution ef�ciency. Simultaneously, resilience considerations emphasize the

importance of establishing alternative pathways for water delivery to ensure continuous

service availability in the event of pipe failures, thus preventing disruptions. In addition

to cost-effective designs, evaluating water availability measures is crucial for assessing

network resilience. This evaluation enables a comparative analysis between non-resilient

and resilient network designs, providing insights into the effectiveness of different

strategies in ensuring consistent and reliable water distribution even under adverse

conditions.

Through a comprehensive approach encompassing cost minimization and resilience

enhancement, the development of reclaimed WDNs can not only effectively address

water scarcity challenges but also promote sustainable and resilient water infrastructure

systems.

2.2 Graph theory

Graph theory, a cornerstone discipline in mathematics and computer science, delves

into the study of graphs, fundamental mathematical constructs designed to represent

pairwise relationships between objects. These graphs, meticulously crafted from nodes

and connecting edges, function as dynamic maps that visually depict the connections

and relationships among diverse elements within a system or network. This versatility

positions graphs as indispensable tools in modeling a wide range of real-world systems,

from social networks to transportation networks, biological networks, water networks,

and beyond [30].

Graphs can be represented using various data structures that de�ne their nodes,

edges, and associated data. The adjacency matrix, a popular representation form, is a

square matrix used to depict �nite graphs, with its elements indicating node adjacency

(Figure 2.3). However, it lacks the ability to illustrate additional node or edge data.

Addressing this limitation, Graph Markup Language (GraphML) emerged as an Extensible
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Markup Language (XML )-based �le format for graphs, facilitating the exchange of

graph structure data within the graph drawing community [31]. Choosing the right

graph representation is crucial, depending on the speci�c problem and computational

requirements of algorithms [32]. With the advent of AI techniques, selecting appropriate

and ef�cient graph representations becomes paramount for learning systems [33]. Graphs

are mathematically represented asG= ( V;E), consisting of a setV of vertices (also called

nodes) and a setE of edges. In particular, a directed graph is a speci�c graph in which

the edges may only be traversed in one direction, in contrast with an undirected graph in

which the edges may be traversed in both directions.

Figure 2.3: A directed graph represented with its adjacency matrix.Source: [34]

Graph theory exempli�es its broad applicability across diverse �elds, showcasing its

prowess in solving practical problems and fostering innovation in real-world scenarios.

Several notable applications of graph theory include:

1. Computer Networking: Graph theory is crucial in routing algorithms, network

topology analysis, and network security, as well as for clusterization purposes

[35–37]. Fundamental algorithms like Dijkstra's shortest path and the

Bellman-Ford algorithm are pivotal for ef�ciently routing data in networks.

2. Social Network Analysis: Graph theory is essential for understanding relationships

and interactions within social networks, enabling the detection of communities and

the analysis of information or disease spread among populations [38].

3. Bioinformatics: In the context of bioinformatics, graph theory aids in the analysis

of biological data, including protein-protein interaction networks, metabolic
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pathways, and genetic regulatory networks [39]. Graph algorithms facilitate

tasks such as predicting protein structures and identifying functional modules in

biological networks.

4. Operations Research: Graph theory is instrumental in optimizing various processes

and systems, such as logistics, supply chain management, scheduling, facility

layout planning, and project management [40]. Graph algorithms optimize

transportation routes, warehouse locations, inventory management, and scheduling

tasks.

2.2.1 Graph theory's role in telecommunication

Telecommunication networks are essential for modern society, facilitating a wide range

of activities from social interactions to emergency services. The recent global challenges,

such as the COVID-19 pandemic, have underscored the critical nature of these networks,

highlighting the need for their reliability and resilience. Graph theory, a mathematical

framework for studying relationships between interconnected entities, emerges as the

backbone of understanding and optimizing these networks. By representing network

components as nodes and their Internet connections as edges, graph theory provides vital

insights into the structure and behavior of the network.

Figure 2.4: Data plane network and control plane data communication network (SDN).
Source: [41]

Another application of graph theory focuses on the network robustness problem.

The Broadband Communications and Distributed Systems (BCDS) research group at the
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University of Girona (UdG) is well-known for tackling this problem [35, 42], which

resulted in the recent implementation of a complete Network Research Simulator (NRS)

2.0 tool [43]. This tool is capable of computing not only robustness but also conducting

generic experiments and simulations for any kind of network infrastructure represented

through nodes and edges. Additionally, NRS allows for very rich interactive visualization

of networks, in 2D, 3D, or even in map mode for networks including geographical

data.

In previous research works [41, 44] we presented an optimization approach that can

be used by the SDN network operator to properly locate the controllers by taking into

account predictable sets of critical targeted attacks on network topology. The proposed

approach included an algorithm for predicting the sets of most dangerous attacks. Such

sets are then used as input data for controller placement optimization, which is performed

by means of mixed-integer and time-ef�cient heuristic programming methods. In the

optimization, the impact of the considered attacks is measured by a novel Average

Network Availability (ANA) measure. To minimize the consequences of attacks we

considered additional backup controllers. The results show an ef�cient maximization

of the ANA measure through the optimal SDN controller placement.

Therefore, graph theory empowers SDN network defenders to address vulnerabilities

and develop robust defense strategies, facilitating the creation of resilient architectures to

tackle evolving digital challenges.

2.2.2 Graphing the �ow: graph theory's application in water

networks

The challenges encountered in water networks can �nd their solutions through

the application of graph theory [45], a well-established methodology commonly

utilized in telecommunications networks. By representing water networks in a graph

format, innovative algorithms grounded in graph theory principles can be effectively

deployed. While telecommunications networks typically depict switches as nodes

and their connections as edges within the graph, water networks are represented with

junctions serving as nodes and pipes acting as edges (Figure 2.5). Ultimately, both

telecommunication and water networks encounter �ow optimization challenges. What

data represents in telecommunication networks, water symbolizes in water networks. This

approach facilitates the adaptation of graph theory techniques to analyze and optimize

water network operations, offering a systematic framework to address complex network

design issues and enhance overall ef�ciency and resilience. Therefore, graph theory

serves not only as a suitable tool for analysis but also for solution development.
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Figure 2.5: Design example of an urban water distribution network in the Girona
Domeny neighborhood represented in a graph format.Source: ReWaT project.

Monitoring site selection, or sensor placement, has received considerable attention

within the context of drinking water networks, yet research in sewage networks remains

limited. Only a handful of studies, such as those by [46] and [47], have proposed

methodologies for sensor placement in wastewater treatment plants (WWTPs) based

on graph theory principles. These methodologies aim to maximize data quality

assessment and control while minimizing costs, although without offering solutions at

the neighborhood level. By employing graph-theory algorithms to strategically position

SARS-CoV-2 sensors at the neighborhood level, it becomes possible to enhance pandemic

monitoring capabilities. This decentralized approach not only facilitates the identi�cation

of hotspots but also enables early-stage detection of patient zero during a pandemic

outbreak.

Previous studies have explored distribution water network modeling, approached

through graph theory principles. For instance, [48] proposed a methodology for designing

water distribution networks based on the hydraulically balanced loop method, while

[49] developed a comprehensive analytical framework to examine the resilience patterns

of water distribution systems in relation to their topological characteristics. Despite

these efforts, graph theory has yet to be fully utilized for the advanced and automated

design and resilience optimization of water networks. While various algorithms exist

for designing water reuse networks using graph theory coupled with existing greedy

optimization algorithms [50, 51], these approaches typically involve multiple tools and

frameworks. Thus, there remains a need for the development of a uni�ed solution that

eradicates the need for data exchange, potentially saving both time and effort in the design
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process.
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Methodology

3.1 General methodology

The aim of this section is to introduce the general methodology that has been utilized

throughout the doctoral thesis. A comprehensive description of this methodology and its

particularities is provided within the publications comprising Chapter 5.

Figure 3.1 outlines the synthesis of methods employed in the study, distinguishing

between data acquisition techniques, data preparation and curation techniques, algorithm

de�nitions, and, lastly, data analysis techniques. It is crucial to note that all

algorithms developed within the scope of this thesis, along with the obtained results,

were implemented using an Ubuntu 20.04 LTS server (Central Processing Unit (CPU):

Advanced Micro Devices, Inc (AMD) Ryzen 5 5600X, 32GB Random Access Memory

(RAM)), executed within a Python 3 notebook (Jupyter Lab, [52]). However, the

methodology can be easily adaptable to other systems, such as Microsoft Windows.

Figure 3.1: General methodology employed in the thesis.Source: Original work.
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In essence, the general methodology adheres to the following procedures:

0. Bibliographic review and identi�cation of literature gaps: A crucial initial step

in any research endeavor involves identifying gaps in existing literature through

a bibliographic review. This process entails integrating various resources, such as

Google Scholar and ResearchGate, and utilizing keywords relevant to the thesis's

focus areas within the context of graph theory. Using this method, a database of

relevant bibliography items is analyzed, and those deemed pertinent are thoroughly

reviewed before being cited.

1. Data acquisition: Since all publications within this thesis aim to automate

surveillance, design, and resilience processes via graph theory, speci�c

methodologies start with the automatic acquisition of data from open sources. If

data is publicly accessible in the cloud, all necessary information for algorithm

computation is automatically gathered through Python scripts. In cases where

more speci�c public data cannot be retrieved automatically, it is integrated into

the developed algorithms as default data values, easily modi�able as required.

Several examples of publicly accessible data in the cloud include: OpenStreetMap

Application Programming Interface (API) [53, 54], Instituto Geogŕa�co Nacional

(IGN) Digital Elevation Model (DEM) [55], Cadastral data [56], Overpass API [57],

and Shapely [58].

2. Data preparation and curation: The data gathered from the data acquisition

process often comes in formats that are not readily compatible with graph-theory

code frameworks. Given graph theory's primary focus on telecommunication

networks, popular frameworks like the well-knownnetworkxPython library [59]

typically require graph data to be formatted in the standard Graph Markup

Language (GraphML) format [31]. This differs from geographic or Quantum

Geographic Information System (QGIS) data, often handled in water networks [60,

61]. Therefore, this stage of the methodology involves developing techniques to

automatically convert the raw data into the appropriate format, ensuring it is ready

for the computation of the algorithms.

3. Algorithm de�nitions: With the data prepared and structured appropriately,

algorithms are formulated and executed to obtain results. Each presented algorithm

addresses a speci�c issue aligned with the objectives of the thesis. All newly

devised algorithms presented in this thesis are built upon thenetworkxPython

library [59], which offers fundamental graph-theory routing and analysis algorithms

of immense utility.
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4. Data analysis: The results obtained by the algorithms undergo processing to

generate detailed and visually rich PDF vector map �gures and charts. This

ensures their clarity and detail remain intact even upon zooming. Furthermore,

the network designs and other geographic-based outputs are transformed into

interactive HTML maps, offering network operators a valuable tool for assessing

results and making informed decisions [62]. This interactive presentation of data

provides a comprehensive understanding of the network's performance, enhancing

decision-making capabilities. In contrast with the predominant trend in related

research, a signi�cant portion of the algorithm de�nitions, implementations, and

output indicator results for the case study, comprising numerical, on-map, and

graphical data visualizations, are accessible via dedicated public repositories [63,

64]. This commitment to transparency and accessibility underscores the dedication

to fostering collaboration and facilitating broader application of the research

�ndings in real-world scenarios. All algorithms and data will be readily available to

municipalities, empowering them to leverage the outcomes of this thesis as needed.

Finally, an important aspect of our methodology involves ensuring transparent access

to the data outputs generated through this thesis. This includes the algorithm de�nitions,

implementations, and the resultant output indicator �ndings for the case studies. We

are committed to making all this information openly accessible through dedicated public

repositories. By doing so, municipalities and network managers will have direct access to

these algorithms and data, empowering them to leverage the insights and �ndings of this

thesis as per their requirements.
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Case-study scenarios

This chapter explains the reasons behind selecting the cities of Girona and Lloret de Mar

as suitable case studies for this thesis's objectives. It also provides a concise description

of city characteristics.

4.1 Justi�cation of the case-study scenarios

Girona has been strategically chosen as the primary focus of this thesis, prominently

featured across all four papers comprising its content (Sections 5.1 - 5.4). The decision to

select this city stems from several key factors. Firstly, Girona bene�ts from proximity

and strong collaborative ties with both the Girona City Hall and Cicle de l'Aigua

del Ter S.A. (CATSA), the company responsible for managing water systems in the

area. This facilitates access to essential data and expertise crucial for comprehensive

research. Additionally, Girona's status as a moderately sized city, with approximately

103,369 inhabitants, renders it an ideal case study. Its scale strikes a delicate

balance, offering suf�cient complexity to rigorously test algorithmic approaches without

introducing unnecessary computational burdens while remaining grounded enough to

ensure the practical applicability of �ndings. Hence, Girona serves as an excellent

location, offering a compelling model for exploring innovative graph-theory solutions

within the context of urban water networks.

Furthermore, Girona has faced signi�cant challenges beyond the context of the

COVID-19 pandemic, notably grappling with severe drought conditions prevalent in the

Mediterranean region. Since the onset of 2024, Girona has been formally declared to be in

a state of drought emergency, a condition that persists to this day, with water resources in

Catalonia's internal basins dwindling to a mere 15% capacity as of March 28, 2024 [65].
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Compounded by these circumstances is the absence of an operational reclaimed water

distribution network (WDN) in Girona. This notable gap in infrastructure renders the city

an even more compelling choice for inclusion as a case study within this thesis.

The selection of Lloret de Mar as an additional case study, particularly within the

context of designing cost-effective reclaimed Water Distribution Networks (WDNs) as

outlined in Section 5.2, is backed by various strategic considerations. Firstly, Lloret de

Mar enjoys geographical proximity to Girona, situated within the Costa Brava region

of the Girona province, facilitating collaboration with urban water network authorities.

Moreover, the city faces signi�cant water supply challenges, particularly during the

summer months when its population surges from 39,089 to approximately 55,394 mean

inhabitants due to tourism, employment, and educational activities. Unlike Girona,

Lloret de Mar already operates a reclaimed WDN primarily utilized for public garden

irrigation purposes, with plans underway for its expansion. This existing infrastructure

provides a valuable basis for exploring more ambitious applications of reclaimed water,

including irrigation for private gardens and toilet �ushing. Hence, Lloret de Mar

presents an intriguing alternative case study for devising comprehensive reclaimed WDN

solutions.

Additionally, it is worth mentioning that the algorithms developed in this thesis have

been applied in el Prat de Llobregat as part of the ReWaT project. El Prat de Llobregat

features a reclaimed WDN, and the optimal algorithm's design solutions have been

compared with the existing infrastructure, although not within the publications included in

this thesis. This underscores the versatility and practicality of the solutions and algorithms

outlined in this thesis, which have been validated across three real cities. Such successful

applications pave the way for further expansion to include additional real scenarios in

future works and projects.

4.2 Characterization of the case-study scenarios

The cities of Girona and Lloret de Mar, situated in Catalonia on the northeastern coast of

the Iberian Peninsula, offer complementary urban landscapes distinguished by their size,

density, and topography. Girona, home to 103,369 residents residing in 47,446 households

(equating to an average of 2.4 citizens per household), exempli�es a typical Western

Mediterranean city characterized by its compact layout, diverse land uses, and a clear

division between the historic old town and the modern periphery (Figure 4.1). Its urban

expanse spans 12.7 km2, featuring a population density of 8,139 inhabitants per square

kilometer, an average slope of 5.1, and an altitude range of 177 meters. In contrast, Lloret
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de Mar, nestled along the northeastern Mediterranean coastline of Spain (Figure 4.2),

boasts a year-round population of 39,089, with a seasonal in�ux increasing its equivalent

population by 16,305 (resulting in 2.35 citizens per household). Encompassing an urban

area of 7.8 km2, the city exhibits a population density of 5,011 inhabitants per square

kilometer, an average slope of 13.3, and an altitude range of 344 meters. Notably, Lloret

de Mar's economy heavily relies on tourism, evidenced by its 120 hotels offering a total

of 29,147 beds, with an average annual occupancy rate of approximately 65% in 2016

[66]. Moreover, the city attracts over one million visitors in a year alone [67].
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Figure 4.1: Basic information map of Girona 2024.Source: Ajuntament de Girona.
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