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También quiero dedicar un gran reconocimiento a mis abuelos. Han estado ahı́
apoyándome desde el primer dı́a, especialmente mi abuela. Ella no tuvo la oportunidad
de estudiar, y aun ası́ siempre me ha animado a dar lo mejor de mı́. Para ambos,
¡gracias!

Un segon gran agraı̈ment és pel meu director de tesi, Eusebi Calle, a qui li dono les
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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
significant 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 fields. 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 significant societal impact
amid COVID-19 and water scarcity. Graph theory’s applications transcend disciplines,
with urban water distribution networks defined by undirected graphs and wastewater
networks by directed graphs.

The methodology in this thesis involves a straightforward yet efficient five-phase
approach: bibliographic revision and literature gap identification, 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 significant efficiencies and revealing notable benefits.
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 findings.

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 benefits
were discovered through a quantitative assessment of pipe failure risk. Additionally, the
tree rearrangement algorithm significantly 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 efficiently compute optimal network graphs,
delivering reclaimed water up to three times more efficiently than manual planning.
Our algorithms evaluate and prioritize resilience, leading to significant 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 significantly 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 efficient, accessible, and
economical application of innovative algorithms, tools, and decision systems. These
contributions aim to minimize costs, enhance resilience, and provide sustainability and
efficacy 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 of e 517,000. These
integrated solutions have made significant 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 official meetings where the results of this thesis were
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presented.
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Resumen

Las redes de agua sirven como arterias vitales para áreas densamente pobladas, facilitando
las funciones esenciales necesarias para sostener la vida urbana. Estas infraestructuras
crı́ticas abarcan el suministro de agua, distribución y gestión de aguas residuales,
garantizando el acceso a agua limpia para beber, saneamiento y fines industriales.

El papel de estas redes no puede pasar desapercibido, ya que constituyen los
cimientos de la infraestructura urbana. Sin embargo, en los últimos años, la ciencia del
agua se ha enfrentado a varios desafı́os urgentes que requieren atención. Dos áreas de
investigación 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 desafı́o de la escasez de agua agravado por el cambio
climático. Sin infraestructuras crı́ticas, las ciudades se paralizarı́an, provocando graves
repercusiones en la salud pública, la actividad económica y la calidad de vida.

En nuestra era tecnológica, la teorı́a de grafos ofrece soluciones innovadoras a
desafı́os emergentes, principalmente en redes de telecos y campos de alta tecnologı́a.
Esta tesis aplica los principios de la teorı́a de grafos, que explora el estudio de grafos,
estructuras matemáticas esenciales diseñadas para encapsular relaciones por pares entre
objetos compuestos de nodos y aristas. Al abordar los desafı́os 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 teorı́a de grafos trasciende disciplinas, con redes de distribución de agua definidas por
grafos no dirigidos y redes de aguas residuales por grafos dirigidos.

La metodologı́a de esta tesis incluye un enfoque de cinco fases sencillo y eficiente:
revisión bibliográfica e identificación de brechas en la literatura, adquisición de datos,
preparación de datos, desarrollo de algoritmos y análisis de datos y procesamiento de
resultados. Esta metodologı́a automatiza la recopilación y procesamiento de datos,
simplificando la implementación de algoritmos, resultando en beneficios 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 equilibrio óptimo entre cobertura, interferencia y distribución de pozos
de mantenimiento. Este algoritmo se desarrolló basado en experiencias previas con
algoritmos de optimización y heurı́sticos comúnmente utilizados en redes de telecos, a
partir de una base derivada de un algoritmo utilizado para posicionar controladores.

Después 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 los árboles
en la infraestructura de aguas residuales. Se descubrieron grandes beneficios a través de
una evaluación del riesgo de falla de tuberı́as. Además, el algoritmo de reordenamiento de
árboles redujo el riesgo de falla de tuberı́as y los costos de reparación en la red de Girona,
incluso ofreciendo ahorros económicos a pesar de los requisitos de inversión.

Después de aplicar la teorı́a de grafos en las redes de aguas residuales, surgieron
dos propuestas para diseñar redes de distribución de agua regenerada (WDNs) rentables,
resilientes e hidráulicamente factibles. Estas propuestas calculan grafos de red óptimos,
sirviendo agua hasta tres veces más eficientemente que la planificación manual. Nuestros
algoritmos evalúan y priorizan la resiliencia, lo que lleva a ahorros significativos en
costos en comparación con las redes convencionales. Además, se conserva una cantidad
sustancial de agua, crucial en medio de las emergencias de sequı́a 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, teorı́a de grafos y ciencias del
agua. Al abordar desafı́os como la pandemia de COVID-19 y escasez de agua, nuestros
resultados allanan el camino para la aplicación eficiente, accesible y económica de
algoritmos innovadores y sistemas de decisión. Estas contribuciones tienen como objetivo
minimizar costos, mejorar la resiliencia y proporcionar sostenibilidad y eficacia en la
gestión de recursos hı́dricos 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 financiamiento total de e 517,000. Estas soluciones han hecho
contribuciones importantes a la comunidad y la sociedad. Es especialmente notable el
interés 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 oficiales donde se presentaron los resultados de esta tesis.
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Resum

Les xarxes d’aigua serveixen com a artèries vitals per a àrees densament poblades,
facilitant les funcions essencials necessàries per sostenir la vida urbana. Aquestes
infraestructures crı́tiques inclouen el subministrament d’aigua, la distribució i la gestió
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 ciència de
l’aigua s’ha enfrontat a diversos reptes urgents que requereixen atenció. Dues àrees de
recerca particulars inclouen la necessitat de vigilància d’aigües 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 climàtic. Sense infraestructures
crı́tiques, les ciutats es paralitzarien, provocant greus repercussions en la salut pública,
l’activitat econòmica i la qualitat de vida en general.

En la nostra era tecnològica, 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 matemàtiques 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 estratègies 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 definides per grafs no
dirigits i xarxes d’aigües residuals per grafs dirigits.

La metodologia d’aquesta tesi inclou un enfocament de cinc fases senzill i eficient:
revisió bibliogràfica i identificació de mancances en la literatura, adquisició de dades,
preparació de dades, desenvolupament d’algoritmes i anàlisi de dades i processament de
resultats. Aquesta metodologia automatitza la recopilació i el processament de dades,
simplificant la implementació d’algoritmes, amb beneficis 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 vigilància a les aigües residuals va sorgir
com una eina rellevant per a la gestió de pandèmies, complint l’objectiu original d’un
equilibri òptim entre cobertura, interferència i distribució dels pous de manteniment.
Aquest algoritme es va desenvolupar basat en experiències prèvies amb algoritmes
d’optimització i heurı́stics comunament utilitzats en xarxes de telecomunicacions, a partir
d’una base derivada d’un algoritme utilitzat per posicionar controladors.

Després del seguiment de la xarxa de clavegueram, els esforços es van centrar a
millorar la resiliència d’aquestes xarxes, començant amb l’anàlisi de l’impacte dels arbres
en la infraestructura d’aigües residuals. Es van descobrir grans beneficis a través d’una
avaluació del risc de fallida de canonades. A més, l’algoritme de reordenament d’arbres
va reduir significativament el risc de fallida de canonades i els costos de reparació en la
xarxa de Girona, fins i tot oferint estalvis econòmics malgrat els requisits d’inversió.

Després 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 hidràulicament factibles. Aquestes propostes generen grafs de xarxa òptims,
servint aigua fins a tres vegades més eficientment que la planificació manual. Els nostres
algoritmes avaluen i prioritzen la resiliència, aportant estalvis significatius en costos en
comparació amb les xarxes convencionals. A més, es conserva una quantitat substancial
d’aigua, crucial enmig de les emergències 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 ciències de la computació, teoria de grafs i ciències de l’aigua.
En abordar reptes com la pandèmia de COVID-19 i l’escassetat d’aigua, els nostres
resultats obren el camı́ per a l’aplicació eficient, accessible i econòmica d’algoritmes
innovadors i sistemes de presa de decisions. Aquestes contribucions tenen com a objectiu
minimitzar costos, millorar la resiliència i proporcionar sostenibilitat i eficàcia en la gestió
de recursos hı́drics per a futurs sistemes d’aigua urbans.

Els algoritmes no només s’han publicat en revistes acadèmiques, sinó que també
s’han integrat en diversos projectes de recerca, inclosos CLEaN-Tour, ReUseMP3
i ReWaT, rebent un finançament total de e 517,000. Aquestes solucions han fet
contribucions importants a la comunitat i la societat. És especialment notable l’interès
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 oficials on es van presentar els resultats d’aquesta tesi.
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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, finding resonance in diverse domains
such as telecommunications and water science. In telecommunications, Software-Defined
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 flows, are typically represented by undirected graphs.
In contrast, wastewater networks, where flow 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 scientific fields.

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 significant 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 confirmation that
COVID-19 patients shed SARS-CoV-2 in feces, numerous studies have demonstrated a
significant 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 the WWTP 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 flushing, car washing, cleaning, and industrial uses
[10], thereby conserving a significant portion of freshwater resources. Initiatives
promoting water reuse, exemplified by municipalities like Sant Cugat del Vallès 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 efficient 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 infiltrating 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 significant 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 ramifications. 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, significant 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 objective of this thesis is to 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 fields, this research aims to contribute to the overall enhancement
of urban living standards through the development of more efficient, resilient, and
sustainable water management strategies.

To reach the ultimate purpose of the research, the following specific 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 efficient 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 benefits.

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 findings 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 specific applied research projects to ensure their
applicability beyond academia.

1.3 Presentation and justification of the articles included
in the thesis

The findings of this thesis are derived from four distinct studies published in prestigious
journals, each carrying its own substantial significance. 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 findings 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.; Martı́nez, D.; Brugués-i-Pujolràs, 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 first algorithm, is for the optimal

selection of a predefined 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.; Martı́nez, D.; Buttiglieri, G.; Corominas, L.; Farreras, M.;

Saló-Grau, J.; Vilà, 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 benefits

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 of e 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: Martı́nez, D.; Bergillos, S.; Corominas, L.; Comas-Cufı́, 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 specific 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, significantly 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: Martı́nez, 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

8



Chapter 1. Introduction

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 benefits 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

findings 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

significant 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 significant

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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Chapter 5.1. Optimal selection of
monitoring sites in cities for SARS-CoV-2

surveillance in sewage networks

Surveillance Design Resilience

Chapter 5.2. Optimal design of water reuse
networks in cities through decision support

tool development and testing

Chapter 5.3. 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

Chapter 5.4. Enhancing reclaimed water
distribution network resilience with cost-

effective meshing

Graph theory

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 findings 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 specific 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 specific 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 justification (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 findings 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 defined: wastewater networks, and water distribution networks (WDNs).
Each network fulfills a specific 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 overflow structures that work
together to collect and drain wastewater from households or industrial centers to
wastewater treatment plants. This network ensures the efficient transport of wastewater,
accommodating variations in flow and preventing overflows 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 beneficial
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 flatten the epidemic curve. Given that sewage has been
confirmed 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 flow
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 confirm that such external factors, especially tree roots, are responsible for a
significant 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 significantly 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 flushing.

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 efficiency. 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 define their nodes,
edges, and associated data. The adjacency matrix, a popular representation form, is a
square matrix used to depict finite 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 file 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 specific problem and computational
requirements of algorithms [32]. With the advent of AI techniques, selecting appropriate
and efficient graph representations becomes paramount for learning systems [33]. Graphs
are mathematically represented as G = (V,E), consisting of a set V of vertices (also called
nodes) and a set E of edges. In particular, a directed graph is a specific 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 exemplifies its broad applicability across diverse fields, 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 efficiently 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.

C2
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SW3SW2

SW5

CSW4

CSW3CSW2

CSW5

CSW1

C1

data plane
network

C-DCN
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

17



Innovative Graph-Theory Solutions for the Future Urban Water Networks

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-efficient 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 efficient 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 flow: graph theory’s application in water
networks

The challenges encountered in water networks can find 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 flow 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 efficiency 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 identification
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 unified 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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Chapter 3

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
definitions, 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.

Innovative Graph-Theory Solutions for the Future Urban Water Networks

Automatic data acquisition
from the cloud

Data acquisition Data preparation
and curation Algorithm definitions Data analysis

Water network files
(from the water authorities)

Data conversion
(geographic -> graphml)

Algorithm input definitions

Mathematical formulations

Python developments

JupyterLab computations

Visually rich figures and
charts

PDF vector maps

Dedicated public
repositories

Output indicators and
statistical analyses

Default data values
(original and from the literature)

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 identification 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, specific
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 specific public data cannot be retrieved automatically, it is integrated into
the developed algorithms as default data values, easily modifiable as required.
Several examples of publicly accessible data in the cloud include: OpenStreetMap
Application Programming Interface (API) [53, 54], Instituto Geográfico 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-known networkx Python 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 definitions: With the data prepared and structured appropriately,
algorithms are formulated and executed to obtain results. Each presented algorithm
addresses a specific issue aligned with the objectives of the thesis. All newly
devised algorithms presented in this thesis are built upon the networkx Python
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 figures 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 significant portion of the algorithm definitions, 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
findings 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 definitions,
implementations, and the resultant output indicator findings 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 findings of this
thesis as per their requirements.
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Chapter 4

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 Justification 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 benefits 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 sufficient complexity to rigorously test algorithmic approaches without
introducing unnecessary computational burdens while remaining grounded enough to
ensure the practical applicability of findings. 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 significant 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 significant 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 flushing. 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), exemplifies 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 influx 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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Figure 4.2: Basic information map of Lloret de Mar 2024. Source: Institut Cartogràfic
i Geològic de Catalunya.
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Chapter 5

Results

5.1 Optimal selection of monitoring sites in cities for
SARS-CoV-2 surveillance in sewage networks
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A B S T R A C T   

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 net-
works. The first algorithm, is for the optimal selection of a predefined 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 automat-
ically 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.   

1. Introduction 

There is increasing evidence that sewage is a good, unbiased indi-
cator of the prevalence of a virus in a population. The ability to detect 
SARS-CoV-2 in sewage has been reported by research groups worldwide. 
Upon confirmation that COVID-19 patients shed SARS-CoV-2 in feces, 
different studies have provided significant correlation between the 
concentration of SARS-CoV-2 in sewage and the prevalence of COVID-19 
in the corresponding population (Lenzen et al., 2020; Mallapaty, 2020; 
Medema et al., 2020; Schmidt, 2020). So far, the approach has been 
successful when monitoring at the wastewater treatment plant (WWTP) 
level (i.e. integrating all inhabitants from a municipality), but there is 
limited experience when bringing the approach to a neighborhood level. 
‘Upstream’ surveillance for SARS-CoV-2 may facilitate finer spatial 
detection of the virus in catchments with differing COVID-19 disease 
burdens, and may help provide information about any mitigation ac-
tions implemented at the community level. An example of monitoring at 

the neighborhood level can be found in Wu et al. (2020) where 11 urban 
neighborhoods within the wastewater treatment facility’s catchment, 
representing populations ranging from ∼4,000 to ∼40,000 individuals, 
were monitored. GIS (geographic information system) data with catch-
ment outlines was used to aggregate the demographic information for 
the catchment. Yet, while the selection of the sampling points in Wu 
et al. (2020) serves the purpose of the study, this might not be optimal 
from the perspective of a municipality. 

Monitoring the traces of SARS-CoV-2 in sewage at the intra-urban 
scale implies establishing a surveillance network inside the sewage 
network. Sewer systems are long complex networks of pipes. As an 
example, the total length of the sewage network across the EU has been 
estimated at around 3 M kilometers (EurEAU, 2017). A city of about 
100,000 inhabitants might have around 300 km of small sewer pipes 
(building sewer pipes and lateral sewers) and 60 km of bigger main pipes 
(community sewers collecting sewage from the lateral sewers and 
transporting it to the WWTPs). It is then not evident where to place 
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autosamplers (or sensors if available in the future) to monitor the con-
centration of the RNA traces of SARS-CoV-2. Selecting sampling/sensor 
placement locations can follow several criterion. Given a predefined 
number of sampling locations to be installed, a municipality might be 
interested in ensuring maximum coverage of manholes (or of in-
habitants) and ensuring a balance in the number of inhabitants covered 
by each of them (static monitoring site selection from now on). Another 
approach would be to establish a monitoring procedure to detect the 
area where the virus is more present (dynamic monitoring site selection 
from now on) or the zero patient if the analytical method for SARS-CoV- 
2 would be sufficiently sensitive to detect one virus shedder in an entire 
community. For either of the two approaches, it is relevant to collect 
demographic and socioeconomic indicators for the community con-
nected to a specific sampling point. Otherwise, it is not possible to 
correlate the virus concentration to the number of diagnosed cases, for 
instance, or to socioeconomic indicators. Furthermore, the cost of 
autosampler/sensor ownership, maintenance efforts in particular, can 
still be cost-prohibitive and a balance between the number of sampling 
locations and costs needs to be guaranteed. 

Larson et al. (2020) is the only paper about sampling points selection 
in sewers related to SARS-CoV-2; the authors propose two strategies to 
detect the zero patient and to identify zones with high levels of infection. 
Larson et al. (2020) assume that near-real time SARS-CoV-2 concen-
trations can be measured, for instance by employing fast tests (Mao 
et al., 2020b) (Mao et al., 2020a) which are under development but not 
yet available. Existing approaches to analyze SARS-CoV-2 concentra-
tions imply lab analyzes and deliver results in 24–72 h. Wang et al. 
(2020) propose adaptive sampling site allocation for the sewage sur-
veillance of the pathogen S. Typhi, by which the locations of sampling 
sites are dynamically updated to increase the probability of detecting a 
positive signal of the pathogen. It uses a model to simulate pathogen 
shedding, pathogen transport and fate in the sewage network, sewage 
sampling, and detection of the pathogen. Wang et al. (2020) propose 
stratified sampling for the initial selection of sampling sites, by which 
the geographic area is divided into a certain number of subareas and one 
sampling unit is randomly selected from each subarea. Within the scope 
of wastewater-based epidemiology (not related to SARS-CoV-2) the 
work from Matus et al. (2019) proposed monitoring sites selection using 
GIS analysis with city-wide demographic and sewage network infor-
mation. The approach was semi-automatic, based on the definition of 
constraints, and did not use optimization. 

Monitoring site selection (or sensor placement) has been widely 
studied for drinking water networks, but only a few studies exist on 
sewage networks. Kang et al. (2013) determined key sensor locations for 
non-point pollutant sources management in sewage networks by means 
of clustering analysis and ANOVA on top of SWMM simulated results. A 
few examples exist on sensor placement for illicit intrusion detection in 
sewage networks based on single and multi-objective optimization 
(Yazdi, 2018) or on Bayesian decision networks (Sambito et al., 2020). 
Vonach et al. (2018) proposed best sampling locations with the objective 
of calibrating a hydrodynamic model. Finally, Villez et al. (2016) and 
Villez et al. (2020) proposed methodologies for sensor placement in 
WWTPs based on graph theory and mass balances for maximizing the 

ability to assess and control data quality while minimizing the cost of 
ownership. Given this background, this paper proposes two algorithms 
for SARS-CoV-2 monitoring site selection in sewage networks. The al-
gorithms are based on graph-theory and are coupled to a greedy opti-
mization algorithm. To the best of our knowledge, this is the first paper 
which proposes an algorithm for static SARS-CoV-2 monitoring site se-
lection. Furthermore, this paper enhances the approach proposed in 
Larson et al. (2020) for dynamic monitoring site selection by i) defining 
infection probabilities as a function of the number of inhabitants con-
nected to each manhole and ii) evaluating the benefit of combining the 
static sensor placement outcomes to the dynamic placement algorithms. 
This paper as well contributes to enhance the selection of the initial 
selection sites from Wang et al. (2020) by proposing a static sensor 
placement algorithm which uses optimization. The usefulness of the two 
types of algorithms is illustrated with a case study in the city of Girona. 

2. Materials and methods 

This section describes the general methodology followed to obtain 
optimal monitoring sites for SARS-CoV-2 surveillance and includes a 
description of the algorithms proposed and the description of the case 
study used to illustrate their usefulness. 

2.1. General methodology 

The overall approach for obtaining optimal monitoring site selection 
for SARS-CoV-2 surveillance involves the following steps: i) goal and 
scope definition, ii) data collection, iii) graph generation, iv) linking 
demographic and socioeconomic indicators to the graph, v) imple-
mentation and execution of the algorithms, and vi) analysis of results. 
Fig. 1 describes the process flow of this general methodology. Details on 
the actual application of the general methodology to the specific case- 
study are provided in Section 2.3. 

Goal and scope definition. This first step consists of defining the 
goal and scope of the study which, in turn, will influence all subsequent 
steps in terms of data intensity, data quality, algorithm selection, etc. 
Some examples of ”goal and scope” are given: i) monitoring the spread 
of the COVID-19 disease in different communities with homogenous 
socio-economic status of a city during a pandemic; ii) identify in a given 
city a hotspot area with much higher disease prevalence than others. 
This step also involves the definition of the monitoring site selection 
needs (e.g. static vs dynamic), criteria and constraints together with the 
client profile (municipality or local health authority). Criteria are 
related to demographic, environmental, health or economic indicators; 
as an example, population density or socio-economic status of in-
habitants are criteria which can be used to make the decision on the 
sampling sites selection. Constraints can be applied to the criteria, but 
also can be related to physical constraints in given manholes which do 
not allow to install equipment for wastewater sampling. 

Data collection. The following data are collected: i) sewage network 
topology; ii) Digital Elevation Model (DEM) of the case under study; iii) 
cadastral data from the city parcels and iv) demographic and socio-
economic indicators associated to each cadastral parcel. 

Fig. 1. General methodology flow.  
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Graph construction. The sewage network topology is transformed 
into a graph, where the edges represent the pipes and the nodes repre-
sent the manholes. The original sewage network topology must include 
the pipes, manholes, elevations and direction of the wastewater flow. In 
most cases, wastewater companies keep this data in GIS databases, 
which means an additional step is required to transform that data into a 
graph. The key elements are the coordinates of the nodes and the rela-
tionship between the nodes and edges. Data verification and reconcili-
ation is essential at this stage to verify that all the pipes that are 
supposed to be connected through a manhole are actually connected, 
and to validate the sewer network slopes. 

Indicators linkage to the graph. The physical attributes of the 
graph (e.g. topological such as node elevation) are assigned. The chal-
lenge here is to connect inhabitants (virus shedders) to the nearest 
manhole. This also provides the possibility to link the manhole with 
some socioeconomic indicators fed by census or other socioeconomic 
databases. Hydraulic models can be a source of data (e.g. biomarkers 
travel time) which might be used as a criteria or constraint by the al-
gorithms. Yet, hydraulic models have not been used in this case-study. 

Implementation and execution of the algorithms. Static and dy-
namic monitoring site selection require computationally expensive al-
gorithms and thus need to be implemented in a relevant computing 
environment to achieve simulation results at reasonable times. This is of 
special interest in the case of dynamic monitoring site selection. 

Results analysis. The results are analyzed, and if the targets set up 
in the goal and scope phase are satisfied, the project can be accom-
plished. Otherwise, a feedback loop to previous phases is needed until 
the goals are reached, as shown in Fig. 1. Iterations are conducted in the 
feedback loop to enhance the performance of the algorithms in terms of 
results and computational time. The final algorithms deployed in this 
study are transferable to other case-studies with no further upgrade; for 
transferability it is only necessary to construct the graph of each new 
case-study and run the algorithms developed in this paper. 

2.2. Static and dynamic algorithms 

The algorithms are based on techniques borrowed from graph theory 
which allow pipe network configurations to be analyzed (Kesavan and 
Chandrashekar, 1972). In the case of sewage networks, the pipes 
correspond to the graph edges and the manholes represent the graph 
nodes. We provide algorithms for both static and dynamic monitoring 
site selection. The static challenge implies selecting the locations for 
permanent monitoring sites which meet the client’s (e.g. a municipality 
or health agency) needs (e.g. maximum coverage at minimal invest-
ment). In the case of SARS-CoV-2 sewage surveillance, permanent 

monitoring sites can be selected where 24 h composite samples are taken 
and brought to the lab for microbiological analysis that will deliver re-
sults in between 24 and 72 h (Ahmed et al., 2020; Rusiñol et al., 2020). 
The concept of interference is applied in the static monitoring site se-
lection. Interferences appear when two or more monitoring sites overlap 
in covered manholes. In some cases, interferences might appear as a 
result of the graph being improperly constructed, and hence a recon-
ciliation exercice is needed before launching the optimization algo-
rithms. The dynamic monitoring site selection challenge implies 
dynamically and adaptively developing a sequence of manholes to 
sample and test until it finds the manhole in which the first infected 
person in a city is connected, or until the group of manholes in a city in 
which the largest group of infected people are connected is found. For 
the dynamic approach we build on what was presented in Larson et al. 
(2020) but also include one enhancement. In Larson et al. (2020), the 
Bayesian probabilities of infection are equally assigned to all manholes, 
whereas in our proposal, the Bayesian probabilities are assigned ac-
cording to the number of inhabitants connected to each manhole; hence 
we assume that there is a greater chance of finding the origin of infection 
there. It is assumed in the dynamic monitoring site selection that a 
portable and fast analytical method (results delivered in few minutes) is 
available to guarantee several sample-and-test iterations to be executed 
in a short period of time. The turnaround time for an iteration of sam-
pling, testing and adjustment should ideally be of 24 h; since the con-
centrations of SARS-CoV-2 can change during the course of a day (and 
the dynamics are even more pronounced at the community level), it is 
recommended to analyze 24-h composite samples (Medema et al., 
2020), and then the analysis of SARS-CoV-2 concentrations and the 
launch of the proposed algorithms should take less than an hour. The 
whole process for detecting the hot spot should ideally be shorter than 
1 week. 

Table 1 specifies the notation used for the static and dynamic algo-
rithms. In brief, let G = (𝒱, ℰ) be the sewage network graph, with a 
V-element set of nodes 𝒱 representing manholes, and an E-element set of 
links ℰ⊂𝒱|2| representing pipes. Additionally, 𝒮 (where 𝒮⫅𝒱) denotes an 
S-element set of nodes with placed monitoring sites. 

2.2.1. Static monitoring site selection algorithm 
A novel algorithm called monitoring site selection (MSS, see Algo-

rithm 1) is proposed. The MSS algorithm presents a greedy approach 
that optimizes the placement of several K SARS-CoV-2 monitoring sites 
within the sewage network nodes, dividing the network into K moni-
toring sites areas or subgraphs. We define the set of nodes that are 
present in the monitoring site k coverage area (i.e., source nodes) as 𝒞(k),
k ∈ 𝒦. 

Table 1 
Notation concerning the static and dynamic algorithms.  

K number of monitoring sites to place; 1⩽K⩽V (fixed parameter)  
𝒦 = {1,2,…,K} set of (indices) of the monitoring sites 

𝒩(v),v ∈ 𝒱 set of neighbor nodes of the node v;𝒩(v)⫅𝒱⧹{v}
𝒞(k),k ∈ 𝒦 set of nodes that are present in the monitoring site k coverage area (i.e., source nodes); 𝒞(k)⫅𝒱

𝒞 set of nodes that are present in at least one monitoring site coverage area; 𝒞 :=
⋃

k∈𝒦𝒞(k); The size (number of nodes) of this set is called coverage C = |𝒞|

ℐ(k),k ∈ 𝒦 set of nodes in the monitoring site k coverage area that are present also in at least another monitoring site j coverage area; ℐ(k)⫅𝒞(k); ℐ(k) := {v ∈ 𝒞(k) ∩ 𝒞(j)
: j ∈ 𝒦, j ∕= k}

ℐ set of nodes that are present in at least two monitoring site coverage areas; ℐ :=
⋃

k∈𝒦ℐ(k); The size (number of nodes) of this set is called interference I = |ℐ|

𝒰(k),k ∈ 𝒦 set of nodes that are present only and exclusively in the monitoring site k coverage areas; 𝒰(k) := {v ∈ 𝒞(k)⧹ℐ(k)}
𝒰 set of nodes that are present in one and only one monitoring site coverage area; 𝒰 :=

⋃
k∈𝒦𝒰(k); The size (number of nodes) of this set is called unique 

coverage U = |𝒰|

Cmax  number of nodes of the largest monitoring site coverage area; Cmax := max(|𝒞(k)|,k ∈ 𝒦)

Cmin  number of nodes of the smallest monitoring site coverage area; Cmin := min(|𝒞(k)|,k ∈ 𝒦)

D number of nodes difference between the largest and the smallest monitoring site coverage areas; D := Cmax − Cmin  

𝒜 set of artificial source nodes in the area covered by a sensor with deg− := 0 and population associated to it.  
℘ set of nodes in the area covered by a sensor after normalising and simplifying 𝒞.  
𝒯 set of nodes of Hot Spot neighborhood/node of Patient Zero in the area covered by a sensor. For PZ, |𝒯 | := 1.   
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The MSS algorithm starts from a random combination of nodes with 
placed monitoring sites 𝒮, and then iterates to find better combinations 
by moving each monitoring site s ∈ 𝒮 through its neighbouring nodes. 
We propose an evaluation function called monitoring site selection 
evaluation (MSE, see Function 1) which allows an optimization metric 
after each execution of the MSS algorithm to be estimated. The MSS 
algorithm halts when it is not possible to find an 𝒮′ ∕= 𝒮 monitoring site 
set by which for all neighboring nodes of each s ∈ 𝒮 the optimization 
metric does not improve as compared to the 𝒮 set. 

Algorithm 1. Monitoring site selection (MSS) algorithm.   
Input: K: number of monitoring sites to place. 

𝒢←{𝒱, ℰ}: wastewater network with node set 𝒱 and link set ℰ.  
𝒞(k),k ∈ 𝒦: set of nodes that are present in each monitoring site area k.  
𝒩(v),v ∈ 𝒱: set of neighbor nodes of each node v.  

Output: 𝒮, ∀s∈𝒮 s ∈ 𝒱,S = K: set of nodes with collocated monitoring sites (S = |𝒮|).  
O: optimization value of the monitoring sites placed on the node set 𝒮.   
1. Obtain a random sample of nodes with collocated monitoring sites 𝒮 with K 

elements of 𝒱.  
2. Compute the optimization value O for the sample 𝒮.  
3. ∀s ∈ 𝒮 picked randomly:  

(a) ∀n ∈ 𝒩(v), n ∕∈ 𝒮 picked randomly:  
i. Obtain a new sample 𝒳 removing s and adding n (𝒳←𝒮

⋃
{n}⧹{s}).  

ii. Compute the optimization value P for sample 𝒳 .  
iii. If P > O, set 𝒮←𝒳 ,O←P, and go to step 3).  

4. 𝒮 contains the resulting set of nodes with collocated monitoring sites, and O 
contains the optimization value of the placed monitoring sites.   

The MSS searches for large, non-interference, equal-sized coverage 
areas. Starting from 𝒮 monitoring sites, the MSE maximizes the unique 
coverage U and minimizes the difference D between the maximum Cmax 
and minimum Cmin sizes of the resulting network coverage areas. These 
measures are normalized taking into account the total number of 
network nodes V. The U measure is proposed in order to take into ac-
count the interference I between the coverage areas of each monitoring 
site that we want to minimize. In that way, the maximization of the 
unique coverage U also minimizes the interference I between coverage 
areas. 

Function 1. Monitoring sites evaluation (MSE) function.   
Input: 𝒢←{𝒱, ℰ}: wastewater network with node set 𝒱 and link set ℰ,V = |𝒱|.  

𝒦: set of (indices) of the monitoring sites to test, K = |𝒦|.  
𝒞(k),k ∈ 𝒦: set of nodes that are present in the monitoring site k coverage 

area; 𝒞(k) ∈ 𝒱.  
Output: O: optimization value of the provided monitoring sites sample 𝒦.   
1. Initialize the set of nodes covered by a unique monitoring site 𝒰. 𝒰←∅  
2. Initialize the set of interference nodes, covered by multiple monitoring sites ℐ . 

ℐ←∅  
3. Obtain the maximum Cmax and minimum Cmin values of nodes covered by each 

single monitoring site k,∀k ∈ 𝒦. Cmax = max(|𝒞(k)|,k ∈ 𝒦),Cmin = min(|𝒞(k)|,k ∈ 𝒦)

4. ∀k ∈ 𝒦:  
(a) ∀v ∈ 𝒞(k):  

i. If the node v ∕∈ ℐ and v ∕∈ 𝒰, then add v to 𝒰. 𝒰←𝒰
⋃

{v}
ii. Otherwise if the node v ∕∈ ℐ and v ∈ 𝒰, then remove v from 𝒰 and add it to 

ℐ . 𝒰←𝒰⧹{v} ℐ←ℐ
⋃

{v}
5. Compute and return the optimization value that is the difference between the 

unique coverage U = |𝒰| and the difference between Cmax and Cmin. This is also 
normalized with V. There are also two weight variables w, y (1 by default) that 

could be modified in order to prioritize one measure over the other. o← 

(w × U − y × (Cmax − Cmin))

V   

The MSS needs to be computed several times (i.e., iterations) to find 
the best K node combination to place the monitoring sites on 𝒮 ac-
cording to the MSE. The optimal number of required iterations may vary 
depending on sewage network size and topology. It is up to the network 
administrator to define the number of iterations as an stop criteria 
upfront, that may be input manually by the user or an automated de-
cision based on the accumulated O value improvement in the MSS al-
gorithm iteration results. 

2.2.2. Dynamic monitoring site selection algorithm 
After running the MSE Algorithm 1 and obtaining a subgraph of the 

sewage network with a monitoring site (sensor) s as output (i.e., 𝒢(s)), 
we then use the dynamic monitoring approach proposed in Larson et al. 
(2020) to home in on either a possible patient zero or the hot spot 
neighborhood in that subgraph when its sensor s detects SARS-CoV-2 
RNA traces ℱ . Larson et al.’s approach consists of assigning Bayesian 
probabilities of infection to all possible source nodes based on profes-
sional beliefs and applying a “binary search” using these probabilities. 
Our implementation assigns the Bayesian probabilities according to in-
habitants connected to each node as we believe that the higher the 
population in the area is, the greater the chances are of finding infected 
people. 

Two algorithms have been implemented: i) the Patient Zero (PZ) 
algorithm and ii) the Hot Spot (HS) algorithm. The PZ algorithm as-
sumes there exists only one case of COVID-19 in a community (Patient 
Zero) and tries to find the minimum sequence of manholes to test in 
order to locate that first source of infection. The HS algorithm, on the 
other hand, assumes that many individuals are already infected and 
seeks to find the cluster in the sewage network with the largest SARS- 
CoV-2 RNA load; in other words, locate the hot spot. 

The HS algorithm works as follows. At each iteration it seeks for the 
manhole whose Bayesian probability of infection is the highest. After 
testing it, if the viral load ℱ′ is high compared to the previously tested 
manhole, we know that the infected area is upstream from this point and 
we can discard all the network nodes downstream. Otherwise, the up-
stream nodes are discarded. Hence, at each iteration the population 
associated to the remaining nodes is approximately the same as those 
associated to the eliminated ones. In order to simplify the simulation, for 
each iteration we assume that the viral load ℱ′ is boolean. The algorithm 
halts when the stopping rule, which is defined by the user, is reached. The 
PZ algorithm is a special instance of the HS algorithm, where the stopping 
rule is reached when there is only one source node left. 

Both PZ and HS algorithms share a prior three-step process which has 
been defined below for the sake of clarity. 

Given 𝒢(s)←{𝒱(s), ℰ(s)}, cv is the population associated to the node 
v ∈ 𝒱(s): 

i Create artificial nodes: All source nodes must have deg− (v) = 0. To 
achieve this, for each inner node in the graph (so-called “original 
node”) with the associated population, we create a new node (so- 
called ”artificial node”) with the same associated population and 
connected to that original node. From any artificial node we can 
easily obtain its original node. Let 𝒜 be the set with all artificial 
nodes from 𝒢(s).  
(a) Create empty set 𝒜
(b) ∀v ∈ 𝒱(s) such that deg− (v) > 0 and cv > 0, add new node v′ and 

edge (v′, v) to 𝒢(s), make the citizens cv′←cv, define 
original(v′)←v, add v′ to 𝒜.  

(c) Return 𝒜
ii Simplify and normalise: Dispense with useless nodes for the 
calculus in order to simplify the graph and assign a Bayesian prob-
ability to the source nodes based on its associated population.  
(a) ∀v ∈ 𝒱(s), if deg− (v) = 0 and cv = 0, remove it.  
(b) ∀v ∈ 𝒱(s) with deg− (v) = 1, deg+(v) = 1 and cv = 0, add edge to 

𝒢(s) going from predecessor of v to the successor of v. Remove 
vertex v  

(c) Let ℘⊂𝒱(s) be the set of all v ∈ 𝒱(s) such that deg− (v) = 0.  

(d) Normalise ℘: ∀p ∈ ℘,probability
(
p
)
← cp∑

p∈℘
cp  

(e) Return ℘
iii Propagate probabilities: Propagate probabilities from source 
nodes to all other nodes, such that each inner node’s probability is the 
sum of probabilities of upstream nodes. Let ℘ be the set obtained 
after simplifying and normalising 𝒢(s). 
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(a) ∀v ∈ (𝒱(s)⧹℘), and 𝒲 is all the predecessors of 

v : probability
(
v
)
←
∑

w∈𝒲
probability(w)

deg+(w)

Algorithm 2. Hot Spot detection algorithm.   
Input: 𝒢(s)←{𝒱(s),ℰ(s)}: Directed graph such that it only has one node s ∈ 𝒮|deg+(s)
= 0 corresponding to sensor node.  

cv | ∀v ∈ 𝒮, cv are the citizens of v.  
ℱ : Viral load detected in sensor node s.  

Output: 𝒯 |𝒯 ⊂𝒱(s): Nodes of Hot Spot neighborhood.   
1. 𝒜← Create artificial nodes  
2. ℘← Simplify and normalise graph  
3. Define stopping rule.  
4. While not stopping rule:  

(a) Propagate probabilities  

(b) Find node t ∈ (𝒱(s)⧹𝒜) such that t← min
v∈(𝒱(s)⧹𝒜)

⃒
⃒
⃒
⃒probability(v

)
− ℱ/2

⃒
⃒
⃒
⃒. In case of a 

tie, choose the node with the larger probability.  
(c) Let 𝒢′ be a subgraph of 𝒢(s) having t and all the ancestors of t.  
(d) Test node t.  

i. ℱ′← detected viral load  
ii. If ℱ′⩾ℱ/2 then 𝒢(s)←𝒢′,F←F′

iii. Else, 𝒢(s)←𝒢(s)⧹𝒢′,ℱ←ℱ − ℱ ′

(e) ℘← Simplify and normalise graph  
5. 𝒯 ←𝒱(s)⧹𝒜
6. Return 𝒯

2.3. Case study 

The usefulness of the algorithms was illustrated with the sewage 
network of Girona (Girona, northern Catalonia, Spain). Girona is a city 
of 101,852 inhabitants, with a metropolitan area shaped by seven mu-
nicipalities that together have a total of 148,504 inhabitants (Source: 
2019 electoral roll). Girona is a typical compacted western Mediterra-
nean city, with mixed uses and clearly divided between the old town and 
the modern peripheral. It extends 39.1 km2 at the confluence of the Ter, 
Onyar, Galligants, and Güell rivers and has a population density of 2,605 
inhab./km2. The Girona sewage network consists of 9,718 manholes 
with a total number of 148,504 inhabitants connected on them, resulting 
in a large network of 13.79 km in diameter and with a total of 338 kms of 
pipes. The basic topological characteristics of the network are: 9,718 
nodes (V); 10,185 edges (E); an average node degree of 2.1 (D); a 
diameter of 9,718 (∅); and an average shortest path length of 9,580 (d). 

The topological data from the community sewer network was pro-
vided by the municipality of Girona through GIS that included feature 
geometry, attributes, etc. First, these files were combined to generate a 
GraphML file format which is compatible with the Network Robustness 
Simulator (NRS) (BCDS, 2021) used for graph analysis. The output 
format is a unique file in GraphML format which contains both nodes 
and edges, including their attributes. GraphML is an XML based format 
(GraphML, 2001). Next, a data verification and reconciliation approach 
was followed. The obtained graph was then checked for inconsistencies 
in disconnected nodes and/or edges. It was also important to check the 
additional data for outliers and discuss possible errors with the water 
company to ensure greater precision. 

The citizens living in a household are estimated to be 2.7 citizens per 
household. This assumption is taken from the ratio of inhabitants in 
2019 in Girona (101,852 citizens) and the surrounding villages con-
nected to the sewer system, including Salt (31,362 citizens), Vilablareix 
(2,897 citizens), Sarrià de Ter (5,170 citizens), Aiguaviva (756 citizens), 
Fornells de la Selva (2,650 citizens) and Sant Gregori (3,817 citizens), 
which gives a final total of 148,504 citizens. These data were obtained 
from the Catalan Statistics Institute (idescat, 2019) and are divided by 
the total number of households (53,466 households in 2019). 

The cadastral parcels from the city were associated to each manhole. 
The cadastral database for Girona was downloaded from the official 

Spanish Spatial Data Infrastructure, which is based on the European 
INSPIRE Directive (2007/2/EC), and transformed into a geojson file that 
contained the geometries as well as the alphanumeric information 
linked to the cadaster parcels. Next, each cadastral parcel was linked to 
the nearest manhole following a negative slope, adhering to the 
assumption that water is transported by gravity. The official DEM from 
the Catalan Cartographic and Geological Institute at a 2×2 resolution 
(ICGC, 2020) was used to estimate the z coordinate of the centroid of 
each cadastral parcel and manhole; hence, each cadastral parcel was 
connected to the nearest sewer origin with an equal or lower elevation. 
However, to overcome EDM and other inaccuracies, when the distance 
between the parcel and the manhole exceeded a defined threshold 
(100 m in this case), the algorithm searched for the closest higher 
manholes in a progressive way (1 m added in each new search) until the 
distance was lower than the threshold or the maximum z tolerance was 
reached (3 m in this case). To run these calculations, the scripts were 
developed on a PyQGIS console on QGIS v. 3.10 (QGIS, 2008). The 
number of inhabitants connected to each manhole was used as an input 
to the dynamic sensor placement algorithm to assign the Bayesian 
probabilities of infection to the source nodes. It was not used as an input 
to the static sensor placement algorithm. 

3. Results and discussion 

Below, we discuss the numerical results that illustrate the consider-
ations of this paper. For that purpose, we used the Girona sewage 
network instance, i.e., girona-wastewater. 

3.1. Static monitoring site selection 

The results obtained for the case study of Girona confirm that the 
MSS algorithm performed well. The solution obtained for each of the 
eight tests (each of them fixing the number of monitoring sites from one 
to eight, K = {1,2,…,8}), result in a coverage (in manholes) larger than 
60%, an interference smaller than 3% and a maximum difference of 25% 
amongst monitoring sites coverage (Table 2). 

The solution obtained when fixing one monitoring site is arbitrary, as 
it corresponds to the selection of the sampling point at the end of the 
sewage network (the entrance of the WWTP) with 100% coverage and 
0% interference. For the remaining tests, an optimal solution was found 
which balances coverage, interference and manholes’ coverage equity 
amongst sites. The results show that when fixing two and three moni-
toring sites, the coverage reduces down to 65%; after fixing four or more 
monitoring sites the total coverage is always larger than 75% (Fig. 2a). 

The algorithm uses the number of manholes as an input (not the 
inhabitants connected to each manhole). As the MSS algorithm mini-
mizes the difference of the number of nodes between the largest and the 
smallest monitoring site coverage areas (D), our results show adequate 
minimum island sizes from one to five monitoring site placements 
(Fig. 2b) (up to a maximum of five monitoring site placements is rec-
ommended in the girona-wastewater network as a larger number of 
placements result on small-sized islands, which should be avoided). The 
minimum island sizes for nodes and inhabitants are compared with the 
theoretical optimal solution, which considers that all of the obtained 
monitoring site coverage areas are equally sized. The solutions provided 
show a good correlation between the number of manholes and in-
habitants covered for each monitoring site coverage area for all tests, 
this is the particular case in the Girona catchment with a population 
density range of 17.7–759.9 inh/km2 amongst neighborhoods. 

The results show that the larger the number of monitoring sites the 
smaller the distance from the furthest node to the respective sampling 
points (ID values in the table). Given the potential attenuation of RNA 
signal along the sewage network transport Hart and Halden (2020) a 
constraint might be added in the selection of monitoring sites related to 
the maximum distance between the points of discharge of SARS-CoV-2 
RNA traces and each monitoring site. 
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Fig. 3 shows the results for the tests that fixed two and five moni-
toring sites. When fixing two monitoring sites, the two covered areas (in 
green) represent 71% of the manholes. The uncovered areas (in blue) are 
the ones located further downstream in the sewage network (closest to 
the WWTP). When fixing five monitoring sites, the coverage increases 
(up to 83%) and smaller residential areas (as compared to the ones 
covered by the fixing two sites test) are included. Again, the manholes in 
the areas close to the WWTP cannot be captured in the final solutions 
because of their small number of manholes and their potential to 
generate interference as they are located downstream. 

This is the first time that a static monitoring site selection algorithm 
has been proposed for SARS-CoV-2 monitoring at fine spatial resolution. 
The static monitoring site selection algorithm can effectively be applied 
to municipalities wishing to monitor SARS-CoV-2 RNA traces at a finer 
scale than an entire municipality. The presence of RNA traces is nor-
mally analyzed in tandem with health (number of infected cases, 
(Medema et al., 2020)), demographic and socioeconomic indicators (Wu 
et al., 2020). The module developed in this study which links each 
household to a manhole is essential to be able to aggregate these in-
dicators (from individuals to inhabitants connected to a specific moni-
toring site). In the particular case of Catalonia, the public COVID-19 
prevalence data is only aggregated at the municipality level and at the 
ABS (primary health area, which are areas defined around primary care 
health centers in the city) level. As an illustration exercise, we fixed the 
placement of sensors at the end of each ABS (the downstream manhole 
of each ABS subcatchment) and estimated the interference. Appendix A 
shows that locating sensors as a function of ABS results in large inter-
ference amongst monitoring sites and hence would not be the preferred 
option. Therefore, municipalities should make a request to the health 
authorities to aggregate prevalence data according to the areas covered 

by the sampling points. The main limitation to bringing the approach 
into practice is the data quality on the topology of the sewage network; 
data reconciliation is the most time-consuming step. Launching the 
optimization for each of the tests took between one and three minutes on 
a modern laptop (CPU Ryzen 5 4800U, 16 GB RAM). Finally, the 
approach is equally valid for the placement of monitoring sites for 
purposes other than tracking the spread of COVID-19, such as estimating 
the consumption of pharmaceuticals (Escolà Casas et al., 2021) and 
illicit drugs (González-Mariño et al., 2020) at fine spatial resolution, or 
detecting illicit discharges of pollutants from industries (Sambito et al., 
2020). 

3.2. Dynamic monitoring site selection 

The dynamic monitoring site selection algorithm is executed over 
both the entire sewage network (cases 1 and 2) and a reduced network, 
which includes 1,099 manholes (equivalent to 44,102 citizens), found as 
an outcome of the static monitoring algorithm (cases 3 and 4). For cases 
1 and 3, the Bayesian probabilities of source nodes are assigned ac-
cording to the connected inhabitants, while for cases 2 and 4 the prob-
abilities are assigned using random numbers from a unit probability 
distribution. Cases 2 and 4 would be comparable to the methodological 
proposal from Larson et al. (2020). 

Patient Zero. When applying the PZ algorithm to the entire network 
and with probabilities as a function of population (case 1), the sampling 
iterations required to identify the first individual discharging SARS-CoV- 
2 RNA traces in the sewage system range from 8 to 15. When the 
probabilities are randomly assigned (case 2) the range is smaller, be-
tween 10 and 14 iterations. Looking at the median of the distributions 
one less iteration would be needed when assigning the probabilities as a 

Fig. 2. Coverage and minimum island sizes (one to eight monitoring sites, girona-wastewater).  

Table 2 
MSS results data for girona-wastewater network, from one to eight monitoring sites.  

K C (%) I 
(%) 

D (%) IN WD (m) ID (m) IH HC 
(%) 

1 100 0 0 9718 0 13785 151248 100 
2 71.51 2.45 6.4 3909, 3287 4561, 4457 6513, 9328 58331, 82561 93.15 
3 64.35 0.01 8.3 2378, 2306, 1571 6247, 4452, 4618 7538, 6618, 4232 61007, 44102, 13845 78.65 
4 76.07 0.01 12.76 2378, 2306, 1571, 1138 6247, 4452, 4618, 4182 7538, 6618, 4232, 3655 61007, 44102, 13845, 9468 84.91 
5 82.97 0.01 17.83 658, 1571, 2306, 2391, 

1138 
812, 4618, 4452, 6021, 4182 3825, 4232, 6618, 7764, 3655 5404, 13845, 44102, 61313, 9468 88.68 

6 82.67 0.1 21.24 1138, 240, 2143, 658, 1571, 
2294 

4182, 6255, 6253, 812, 4618, 
4756 

3655, 1465, 7531, 3825, 4232, 
6319 

9468, 7920, 53589, 5404, 13845, 
44102 

88.81 

7 86.79 0.44 24.31 2306, 658, 408, 2379, 17, 
1571, 1138 

4452, 812, 4447, 6239, 5085, 
4618, 4182 

6618, 3825, 2778, 7546, 214, 
4232, 3655 

44102, 5404, 3401, 61007, 186, 
13845, 9468 

90.85 

8 77.38 0.99 15.15 240, 1712, 1512, 1130, 596, 
658, 1138, 630 

6255, 6371, 6263, 4736, 
5317, 812, 4182, 6301 

1465, 4699, 4607, 4034, 2376, 
3825, 3655, 7484 

7920, 25075, 47133, 11067, 
16254, 5404, 9468, 6456 

85.14 

K – number of placed monitoring sites, C (%) – normalized network nodes coverage (C, in %), I (%) – normalized network nodes interference (I, in %), D (%) – 
normalized difference between Cmax and Cmin (D, in %), IN – islands number of nodes, WD – distance between the WWTP and each node where the monitoring sites are 
placed (in meters), ID – islands diameter (i.e., monitoring sites coverage areas diameter, in meters), IH – island number of inhabitants (inhabitants size), HC – in-
habitants coverage (in %). 
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function of the population. This gain might increase in cities with larger 
variability in population density amongst neighborhoods (in the case of 
Girona, the population density across neighborhoods varies between 
17.66 and 759.94 inh/km2). 

The application of the PZ algorithm to the reduced network results in 
a decrease of two iterations to identify the first individual discharging 
SARS-CoV-2 RNA traces (cases 3 and 4 as compared to 1 and 2). Overall, 
the strategy resulting in a smaller number of iterations is case 3, which 
involves departing from a reduced network resulting from the static 
monitoring site selection algorithm and with the assignment of proba-
bilities as a function of connected inhabitants. The frequency distribu-
tion of the number of required samples for the PZ algorithm is shown in 
Fig. 4a. 

Hot Spot. The HS algorithm allows hot spot areas with a large 
number of potential infected people to be identified (we set 3000 
infected inhabitants as the stopping rule in this exercise). As compared to 
the PZ algorithm, the number of iterations reduces by five no matter the 
case. As shown in Fig. 4b, when assigning the probabilities as a function 
of the connected inhabitants, one less iteration is needed (looking at the 
median of the distributions); yet, the spread of the distribution of the 
resulting number of iterations is much smaller as compared to the 
assignment of uniform probabilities; this is the opposite of what is shown 
in Fig. 4a. The most favourable (and conservative) option would be case 
3 with large certainty that with four or five iterations the hot spot area 
would be identified. As compared to case 1, one or two iterations would 
be saved when departing from a sewage network obtained from the 

Fig. 3. Coverage areas for two and five monitoring sites placement (girona-wastewater).  
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static approach. 
The dynamic algorithms are comparable to the ones discussed in 

Larson et al. (2020), where the Bayesian probabilities are assigned 
randomly in the same way as we did in both cases 2 and 4. The en-
hancements in this paper relate i) to the use of the outcome from the 
static sensor placement algorithm as a starting point which allows the 
overall number of samples needed to be reduced in both PZ and HS al-
gorithms, and ii) to the addition of information about the number of 
inhabitants to each manhole which also allows the number of samples 
on average to be reduced; the latter is relevant in cities like Girona, 
which show high spatial variability in population density (and hence in 
the number of inhabitants connected to a manhole). As stated in Larson 
et al. (2020), the usefulness of the dynamic approach to detect a hot spot 
within a city is constrained by the availability of devices which offer a 
fast response in the detection and quantification of SARS-CoV-2 RNA 
traces. Current methods imply the transport of the samples to a lab 
where the RNA traces are concentrated (e.g. (Forés et al., 2021)) and 
then the qPCR is executed, overall with a result being available in 

between 24 and 48 h. In case 3, iterations are needed to locate the Hot 
Spot, which means that between three and six days would be needed in 
total, which is probably too slow to make a decision on an effective 
mitigation action. 

The applicability of the dynamic monitoring site selection algorithms 
is also constrained by the detection limit of the SARS-CoV-2 analysis in 
sewage. The lowest incidence resulting in quantifiable SARS-CoV-2 
concentration in wastewater differed between community sizes; Rusi-
ñol et al. (2021) found the lowest quantifiable incidence to be 0.11 and 
0.82 cases per 1,000 inhabitants for the large and small sized commu-
nities respectively and Hata et al. (2021) reported 0.05–0.10 detectable 
cases per 1,000 inhabitants. Hart and Halden (2020) reported that under 
a best-case scenario of no in-sewer RNA signal loss, wastewater gener-
ation (50–500 L/person/d) and virus shedding (56.6 million-113.2 
billion viromes/d) are important variables determining the detect-
ability in community wastewater of a single infected person among one 
hundred to two million healthy individuals, assuming homogeneous 
distribution of cases. In the case of SARS-CoV-2 it is really challenging to 

Fig. 4. Distribution of sampling points required.  
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detect the zero patient; the patient zero might be moving around the 
city, but also the limit of detection of the analysis of SARS-CoV-2 in 
wastewater might not allow to detect 1 infected amongst the surveilled 
community. Results of patient zero are provided in this paper to 
compare the performance of the algorithm against Larson et al. (2020). 
Yet, the patient zero algorithm can be used for other purposes than 
SARS-CoV-2 surveillance, such as the detection of an illegal industrial 
discharges in sewer systems. Furthermore, there are substantial un-
certainties in estimating SARS-CoV-2 loads (Li et al., 2021) which 
propagate to the calculation of increase or decrease of virus load be-
tween two collected samples; high-frequency flow-proportional sam-
pling would reduce uncertainties (yet this is challenging at the intra-city 
scale) as well as using surrogate viruses as internal or external standards 
during the analysis, and further improvement on analytical approaches. 

Future work will be conducted to connect the algorithm to a mech-
anistic model that includes SARS-CoV-2 concentration as a variable, 
using a hydraulic model to estimate the dilution capacity in the sewer 
network, a SARS-CoV-2 load generation pattern and implementing the 
in-sewer degradation of SARS-CoV-2. The concentration can then be 
used by the algorithm as a criteria or a constraint to define best sampling 
sites. Some attempts in that sense have been published for SARS-CoV-2 
(Hart and Halden, 2020) and for other pathogens (Ranta et al., 2001; 
Wang et al., 2020). 

4. Conclusions 

This paper demonstrates that it is possible to optimally select sam-
pling points for SARS-CoV-2 sewage surveillance in cities. An algorithm 
is proposed for the placement of a predefined number of monitoring sites 
which result in maximum coverage of manholes and minimum inter-
ference amongst them (static sensor placement). Two other algorithms 
are proposed to dynamically sample and analyze to identify patient zero 
and hot spots in cities (dynamic sensor placement). For the case study of 
Girona, a static sensor placement of five monitoring sites (or more) re-
sults in a coverage greater than 80% of both manholes and inhabitants. 
The best option for detecting a patient zero and a hotspot area implies 
assigning probabilities as a function of the number of inhabitants con-
nected to each manhole. Results have demonstrated that when using 

these probabilities our proposed algorithms enhanced previous pro-
posals in all presented scenarios. As a conclusion for the city of Girona, 
11 iterations would be needed to detect the patient zero, and six itera-
tions for identifying a hotspot of about 3,000 infected inhabitants. In the 
case of combining both algorithms, the number of iterations can be 
reduced to nine and four, respectively. 
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Appendix A. ABS monitoring site selection 

ABS (Área Básica de Salut) or Basic Health Area, is the clustering method used by the Spanish government to divide a city into different areas. The 
main criteria is that all of them include at least one primary Health-care facility. A priori it would be interesting to establish the monitoring points 
considering these areas. However, if we locate the monitoring points considering only the coverage of these areas the ‘interference’ between them can 
report a huge error in the expected results. Fig. 5 shows the girona-wastewater network placing k = 6 monitoring sites, each one monitoring one of the 
six ABS areas on the network. Each ABS monitoring site is placed in the closest node from an ABS area to the sewage treatment plant. The large level of 
interference provided by this approach cannot be considered as a feasible solution (88.79% of interference depicted on the orange area (Fig. 5a)). This 
is produced, as expected, because part of the monitoring points are located closed to the WWTP, covering by themselves the major part of the city. 

Fig. 5. ABS monitoring site selection (k = 6, 88.79% of interference).  
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Consequently, the rest of the monitoring points, located downstream from the WWTP, overlap the covered area. Moreover, in the case of reducing the 
number of ABS monitored areas, the interference between areas would still persist. This is described in Fig. 6 where the six ABS areas (in green) are 
also shown. In this case, the interfence area reports a percentage of 1.22. Consequently, it is shown that using ABSs as a clustering method to monitor 
the city is not possible if the results have to be relevant (without interferences between areas). 
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Optimal design of water reuse networks in cities through
decision support tool development and testing
Eusebi Calle1, David Martínez 1,2, Gianluigi Buttiglieri 2,3, Lluís Corominas 2,3, Miquel Farreras 1, Joan Saló-Grau1,2, Pere Vilà 1,
Josep Pueyo-Ros 2,3 and Joaquim Comas 2,4✉

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 benefits 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 of €0.17–0.22/m3 (for a payback period of 30 years).

npj Clean Water            (2023) 6:23 ; https://doi.org/10.1038/s41545-023-00222-4

INTRODUCTION
Water resources are limited and unequally distributed in space and
time. Water scarcity and droughts are an increasing problem in
many areas, at least seasonally, in terms of intensity and frequency1.
Tourism has been recognized as one of the most significant water-
consuming sectors on local, regional, and global scales2,3, as its
viability and sustainability depends on adequate water supply
quantity and quality4.
In the context of urban water systems, the transition to circularity

and minimizing potable water consumption, requires the redesign
of the water infrastructure, including (waste)water treatment and
water reuse5. Treated wastewater can be used for non-potable
purposes, including irrigation, toilet flushing, car washing, cleaning
purposes, and industrial uses6, where appropriate technologies
should be carefully selected. EU legislation (EU 2020/741) sets
minimum requirements, especially for agricultural water reuse
purposes. It does, however, not specifically regulate water reuse in
tourist facilities or water reuse for general urban uses, such as toilet
flushing. Spain is one of the only five European countries, besides
Cyprus, Greece, France, and Italy, which have implemented a
national legally binding water reuse regulation (RD 1620/2007). The
Spanish water reuse regulation, in fact, is currently the regulation in
the EU with the highest number of well-defined water reuse
applications, including toilet flushing and garden irrigation.
Beyond Europe, other countries worldwide, such as USA, Australia,
Singapore, and South Africa, also allow using reclaimed water in
cities and specifically for domestic uses. Besides, it is expected that
more and more countries will soon consider water reuse as a
reliable alternative resource. Several municipalities in Spain (e.g.,
Sant Cugat del Vallès) have been promoting water reuse in multi-
story buildings7,8. Nonetheless, applications are still very limited,
and related information is largely lacking in the literature.
Efficient and sustainable water reuse requires feasible water

reuse projects (i.e., water reclamation treatment plants and

distribution to potential uses). Planning and assessing water
reuse projects require decision-makers answering a number of
questions concerning issues such as: (i) the best tertiary/
advanced treatment to be implemented, (ii) the number of
uses/users in the city (i.e., how much wastewater needs to be
reclaimed), and (iii) how to select the optimal water distribution
network. The answer to these questions requires considering
different challenges (environmental, economic) and technologies
for water reclamation and potential uses of reclaimed water,
while evaluating the cost and benefit of all the scenarios by
means of different criteria.
In a seminal work9, a life cycle assessment study was carried

out to evaluate the impact of water reuse in the city of Lloret de
Mar (Catalonia, NE of Spain), a mass tourism destination on the
Mediterranean coast with a high density of high-rise hotels. This
study considered four distinct scenarios: non optimized (only
potable water consumption), decentralized, hybrid, and centra-
lized. All the water distribution networks were designed
manually, assuming the shortest path with lowest terrain
elevation. In fact, the multiple factors that need to be considered
(terrain elevation, street graph, pipe diameters, terrain usages,
etc.) mean that manual or semi-automatic design is still the
common practice in planning distribution networks, both for
drinking and reclaimed water.
Multiple data, knowledge from different disciplines, and

computational capabilities need to be integrated. This is a
complex problem where model-based and decision support
tools can help by offering a variety of solutions. Previous
research on decision support tools for wastewater management
has been mainly focused on wastewater treatment10,11, with a
few recent examples dealing with the selection of the most
adequate advanced treatment technologies for water reclama-
tion12,13. The design of reclaimed water distribution networks has
attracted little attention.
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The problem of planning and identifying the most suitable
economic schemes for centralized wastewater infrastructure has
been partially solved14. This solution is based on the potential of a
geographical information system to design and locate the water
collection pipe network. However, it only considers on-site water
reuse, i.e. no water reclamation networks are required. In addition,
an improved data-reduced method for wastewater management
using globally available data has been proposed15 (i.e., GIS and
statistical data), enabling the approach to be applied worldwide.
On the other hand16, del Teso et al. (2019) aims at energy
optimisation in drinking water distribution networks, considering
not only operational losses but also structural (or topographic)
ones. However, none take into account the initial (or brand-new)
design of water reclamation networks. Moreover, more than
one tool is sometimes used in a sequential manner, with the
corresponding conversion of variables and parameters between
the tools, thus becoming highly time-consuming work, especially
when aiming at optimal designed networks17.
In18, the authors evaluate the life cycle costs and benefits of

decentralized greywater reuse planning based on two scales of
decentralization: satellite and onsite. However, these two decen-
tralization scales require separating raw greywater from waste-
water at the source, which is often not possible in many cities. A
centralized water reclamation plant and the corresponding water
distribution network is not considered. There is also literature on
urban stormwater management. The work of Khurelbaatar et al.
(2021)17 shows an approach that uses the software package MIKE
URBAN from DHI (MIKE URBAN, Hørsholm, Danmark) for estimat-
ing the potential for managing urban stormwater in already
existing urban environments to mitigate the impact of urban
stormwater runoff. However, few of their proposed scenarios allow
for stormwater reuse.
Distribution water and wastewater network modeling can be

approached through graph theory19, such as20, for designing
water distribution networks based on loops hydraulically balanced
method, and wastewater sensor placement approaches for
SARS-CoV-2 detection21, but has not been used yet for the
advanced and automated design optimization of water networks.
Given this background, the aim of this paper is to describe a

decision support tool for planning water reuse networks in cities.
Our approach integrates several algorithms for designing water
reuse networks based on graph theory coupled to existent greedy
optimization algorithms22,23. Our proposal is made up of one single
tool, in contrast with the literature, avoiding the need for data
exchange and thus resulting in potential savings in time and effort.
This tool combines city characteristics (i.e., terrain characteristics,
including plot and building usages, elevation, and slope) and water
consumption rates to automatically propose an optimal network
for water reuse. This paper proposes advanced algorithms to
design and optimize large-scale water reuse networks. The
usefulness of our solution is also illustrated when testing in real
cities. And in this line, two cities of different scales and significantly
diverse water uses and requirements have been compared.
Construction costs and benefits in terms of water savings are
estimated for each scenario. Finally, the optimal water network can
be provided when only a limited budget is available.

RESULTS
Overview
The section first describes the innovative decision support tool,
called REWATnet, for planning water reuse projects, and highlights
the steps involved and the outputs produced. Next, the
application of the tool to generate and analyze potential water
reuse projects for the cities of Girona and Lloret de Mar is
presented. The location of water reclamation treatment plants for
reclaimed water production in each city is considered the same as

the existing wastewater treatment plants in centralized scenarios,
assuming they include the necessary water treatments for the
desired reclaimed water quality. The reclaimed water networks
obtained by using different algorithms and different scenarios are
compared, and the usefulness of the REWATnet tool for network
optimisation, when a limited budget is available, is also illustrated
and compared with a semi-manual approach.

Description of the REWATnet decision support tool
The new REWATnet decision support tool for planning urban
water reuse projects involves the following steps: (i) defining the
scenarios; (ii) generating the initial graph; (iii) generating the
reclaimed water network; and (iv) estimating key output
indicators. The tool provides an innovative mechanism for
designing reclaimed water networks in Spain, which can be easily
adapted to any country. Figure 1 illustrates a simplified scheme of
the water reuse planning tool.

Defining the scenarios. Defining the scenarios to be simulated
consists of defining the user inputs, gathering open source data
and, only when necessary, customizing default values. The only
required user inputs are the target city identifier, the city’s
cadastral data files, and the location of the wastewater treatment
plant. On the one hand, the city identifier is used to obtain the
city’s street graph through the OpenStreetMap API (see “Methods”
section), and must be specified by name, postal code or
OpenStreetMap identifier. On the other hand, the same city
identifier is also used to gather the city’s topography Digital
Elevation Model (DEM), which is essential to obtain the city street
graph nodes elevation (see “Methods” section). The elevation data
can be commonly obtained from the country’s official geographic
data provider: In Spain this is the Instituto Geográfico Nacional24.
The DEM is obtained from this source with a 5x5 meter precision.
The city’s cadastral data files are used to gather land plot and

building data. In Spain, land plot and building data can be
obtained from the official cadastre online database. This data is
divided into four files that can be freely downloaded: two “.cat”
extension files containing the urban and rural plots and buildings,
and two “.shp” extension files containing the public gardens in
both urban and rural zones. As these files are presented in a hard-
to-process format, and for faster and simpler data treatment, said
files are converted and combined to a unique standard JSON
(JavaScript Object Notation25) file using a Python26 custom
implemented script. For other countries, it would be necessary
to process the corresponding authority land plot data and
generate the standard JSON file. In the case of several
municipalities connected to the same reclamation water treat-
ment plant, the files from every municipality must be down-
loaded, converted to JSON with the script, and merged to form a
unique file. Additionally, the OverPass API27 and Shapely28 library
allow for the location and surface of public gardens to be obtained
and appended since they are not included in cadastre files.
Optional user inputs are the definition of a subset of the

considered uses for reclaimed water, a threshold for minimal
water consumption and specific city areas particularly suitable for
water reuse. The subset of considered uses for reclaimed water
will define the network destinations. The threshold for water
consumption may specify whether a minimum amount of
reclaimed water must be served in each network destination.
The selection of specific city areas especially suitable for water
reuse may be relevant to target new city settlements (i.e.,
neighborhoods or sectors) and for statistical and future work
purposes. The OverPass API is used to extract specific city areas
(downloading the geographic polygons that define the divisions)
together with the Shapely library (checking to which polygon a
certain node belongs). By default, all water use categories, a
threshold for water consumption of 0 m3/d for all network
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destinations (see Methods section) and the whole city area are
considered for water reuse projects.

Generating the initial graph and the reclaimed water network.
Once the scenario is defined and all data has been gathered, the
REWATnet decision support tool is able to generate the
reclaimed water network. First, an initial graph is generated
and then the different optimization algorithms are applied (see
Methods section).
The initial graph is generated by adding the data to the city

street graph, including the node elevation, street slopes, city
terrain usage, location, and inhabitants, as well as the origin node
and the destination nodes. Then, the routing algorithms are
computed from the initial graph to obtain the optimal reclaimed
water network based on two approaches: (i) serving water to the
destinations defined in the scenarios whatever the budget might
be, or (ii) maximizing the water served with a limited budget. In
the first approach, city clustering algorithms may be first applied
to the initial graph depending on the targeted city size. Then, the
routing algorithms are computed for the main network (i.e., from
the initial node (water tank next to the water treatment plant) to
the cluster water tanks distributed along the city) and the
branched network areas (i.e., from each cluster water tank to all its
destinations). The routing algorithms generate the base for the
reclaimed water network, although the network construction costs
remain unknown as the pipe diameters have not yet been
computed. Then, the computation of the pipe diameter selection
(DS) algorithm (Algorithm 1) generates all the pipe diameters of
the reclaimed water network and enables the construction costs
to be calculated (see Supplementary Table 1, Supplementary Table
2, and Supplementary Table 3).
In the second approach, the Limited Budget (LB) availability

algorithm (Algorithm 2) is computed considering a single
branched network area. The LB algorithm uses the routing
algorithms and the DS algorithm to build a reclaimed water

network that maximizes the water volume served for a specific
budget (see Methods section).

Estimating key output indicators. The REWATnet decision support
tool estimates the following key output indicators:

● Graph files of the optimal reclaimed water network: the
optimal reclaimed water network is provided in a file with a
standard graphml format for further analysis.

● Visualization on a map of the optimal reclaimed water
network: a clear visual representation of the reclaimed water
network drawn on a plane and over a map, provided in PDF
vector image files.

● Network length, pipe diameters, population served, and total
water savings: this relevant data related to each reclaimed
water network is provided in a simple text file. The total water
savings is assumed as the total reclaimed water consumption,
as this amount of water will be subtracted from the drinking
water distribution network.

● Disaggregated and total network construction costs: the
construction costs of the reclaimed water network are
provided disaggregated by main network costs, branched
network costs, and water tank costs expressed in thousands of
euros (€K), provided in another simple text file.

Before the execution and analysis of the different scenarios, a
preliminary validation of the REWATnet tool was carried out for
the case study of Girona. The reclaimed water consumption of
potential users estimated by the tool was compared to actual
water consumption data provided by the water authorities (see
Table 1). The estimated model consumption was calculated based
on the methods and references of Supplementary Table 4 in
Supplementary Materials, together with the information extracted
from the land plots (see “Methods” section). The validation shows
a remarkably accurate model consumption with a minor overall
error of 6.4%. According to the water use categories, the error

OpenStreetMap  
API (OSMnx)

Elevation API  
(IGN DEM)

Open data sources

User inputs

City identifier (e.g.
name, postal code)

City's cadastral
data files

Customizable default values

Reused water
consumptions per

usage per day

Construction
costs (pipes,
valves, tanks)

3. Generating the  
reclaimed water network

2. Generating the  
initial graph1. Defining the scenarios

City terrain usage,
location, and inhabitants

added to street graph

Elevation added to  
street graph

City street graph with
neighborhoods

Elevation API  
 

OpenStreetMap API

Cadastral files

Origin and destinations
added to street graph

Consumptions

Routing algorithms from
origin to destinations

Computation of  
DS (Algorithm 1)

Computation of
LB (Algorithm 2)

City clusterization

4. Estimating key  
output indicators

Reclaimed water network
result graph files

Reclaimed water network
visualization on map

Total water savings,
network length, and  

water served 

Disaggregated and total
network const. costs

Fig. 1 REWATnet decision support tool. REWATnet simplified scheme. The data flow is as follows: (i) defining the scenarios, including user
inputs, customizable values, and open data sources; (ii) generating the initial graph, where an initial city street graph is generated from the
OpenStreetMap API, the elevations are added to each node from the Elevation API, and the cadastral file is processed where consumptions are
added to nodes; (iii) generating the reclaimed water network, which includes the application of the algorithms such as city clusterization,
routing algorithms, pipe diameter selection (DS) and limited budget (LB), to the initial graph; and (iv) estimating key output indicators, where
the result graph files with the reclaimed water network, visualizations on map, water saving, network length, water served, and disaggregated
and total network construction costs are obtained.
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between actual and estimated consumption is especially low for
both economic operations and domestic use categories, as shown
in Table 1. In the case of the public uses, which suppose the
lowest water consumption, the model shows an error of 23.8%.
This error barely affects the overall error of 6.4% as it represents
only 10% of the total consumption. The model estimates a higher
public uses consumption as the toilet flushing and irrigation
consumption data in sports centers is complicated to estimate,
and the land plot data may be incomplete or outdated. Finally, it is
worth noting that the consumption for vegetable garden
irrigation has not been included since there is no real data to
be compared with. It should also be noted that when validation
results are not satisfactory (which is not the case of the present
work), the tool allows for the fine-tuning of some parameter
values of the estimated consumption rates (Table 1).

Comparison of different routing algorithms
Among the Kou, Takahashi, and Mehlhorn routing algorithms, the
Mehlhorn algorithm was found to be the most suitable in the
literature due to its lower computational complexity (see “Methods”
section). Nonetheless, all routing algorithms were tested with our
case study cities to evaluate their accuracy, where lower reclaimed
network length provides better accuracy. Thus, the planning tool
has been first tested for designing the optimal reclaimed water
network for the whole urban area of Girona and Lloret de Mar cities
applying the Kou, Takahashi, and Mehlhorn algorithms. In both
cities, reclaimed water is produced in a centralized water
reclamation plant and stored in an initial water tank placed
alongside it. The whole city of Lloret de Mar is considered as a
unique cluster (i.e., one branched network area), while city
clustering techniques are applied in the case of Girona to determine
the optimal placement of water tanks. In fact, due to the city’s size,
intermediate water tanks are needed along the reclaimed water
network for the case of Girona. In both case studies, only public
water uses are considered. Besides, we contemplate water reuse
destinations within 300m between any land plot centroid (i.e., the
geographical center of the physical entity that uses reclaimed
water) and the nearest node of the city’s initial street graph. This
consideration is necessary to ignore water destinations obtained
from land plots’ official data that are too far from the street graph
(e.g., a farm outside the city), as the reclaimed water network is built
based on the streets. Given this scenario, the initial graph of Girona
considers 328 destinations with total water consumption of
2129m3/d, while the initial graph of Lloret de Mar considers 144
destinations with total water consumption of 1182m3/d.
Table 2 shows the comparison between the REWATnet output

indicators for the different routing algorithms and the two cities.
The first thing to notice is that, for both Girona and Lloret de Mar,
the Kou and Mehlhorn algorithms present exactly the same
accuracy (the same reclaimed network pipe length), while the
Mehlhorn algorithm provides a significantly lower computation
time (about 100 times faster). Although the Takahashi algorithm
present the best accuracy (lower reclaimed network pipe length),

compared to the Kou and Mehlhorn algorithms, its execution time
becomes intractable on cities with a large set of destinations (about
18,025 and 117,179 times slower than the Mehlhorn algorithm).

Comparison of reclaimed water networks
For both cities and using the best routing algorithm, the reclaimed
water network was computed considering two scenarios serving
water to all the destinations: (i) only for public water uses and (ii)
for both public and private water uses. This section presents some
of the most relevant key output indicators.
Regarding Lloret de Mar, Fig. 2 illustrates the graphs representing

the reclaimed water networks generated for the two scenarios. The
first scenario results in a 44 km network, a total construction cost of
€3628K, a pipe diameter average of 64 mm, and total consumption
of 283m3/d to serve 4.1% of the total demanded water (Water
served/total demand × 100). The second scenario results in a
104 km network, a total construction cost of €9429K, a pipe
diameter average of 82mm, and total consumption of 6844m3/d to
serve the entire demand for water. It is worth noting that the first
scenario presents a construction cost per cubic meter of €12.82K/
m3/d compared with the €1.38K/m3/d of the second scenario,
which is more than nine times bigger. This difference might be
related to the fact that private water use needs connections that are
already (partially) included in the first scenario.
Regarding Girona, Table 3 contains the disaggregated and total

water reclaimed network construction costs obtained for different
clustering solutions (from one to eight clusters) for the scenario (ii)
of public and private water uses. The observed total water
consumption is 7142m3/d, leading to an average cost increase for
each cluster of 4.2%. It is worth noting the low increase in the costs
of the pipe network, as the branched network costs from two to
eight clusters are analogous. Hence, the most significant elements
that increase the cost among the different clustering solutions is
the main network and the number of water tanks. Note that, the
whole infrastructure payback period considered is 30 years, and the
accumulative water savings should also be considered (up to
78,204,900m3 of total consumption). The resulting reclaimed water
network of five clusters is shown in Fig. 3, with 155 km of pipes and
a total construction cost of €15,996K. Interestingly, in this case, the

Table 1. Water use consumption validation (Girona).

Water use categories Model consumption (m3/year) Actual consumption (m3/year) Error

Economic operations (Domestic with operations + Large industrial
consumption)

530,564 525,588 2.8%

Public uses (Urban equipment + Public garden irrigation) 251,405 203,064 23.8%

Domestic (Housing + Private garden irrigation) 1,690,877 1,594,735 6%

All validated uses* (Economic operations + Public uses + Domestic) 2,472,846 2,323,387 6.4%

*All validated uses do not include the vegetable garden irrigation model consumption (estimated as 269,005 m3/year) as there is no actual consumption data
to be compared.

Table 2. Comparison of the decision support tool output indicators
for the different routing algorithms.

City Algorithm Network length (m) Execution time (s)

Girona Takahashi 67,149 28,123 (≈7.8 h)

Kou 68,068 38.06

Mehlhorn 68,068 0.24

Lloret de Mar Takahashi 49,498 1442 (≈24 m)

Kou 50,413 8.39

Mehlhorn 50,413 0.08
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placement positions for the water tanks computed by the tool
match well with the ones that are actually in the Girona drinking
water distribution network29. In Supplementary Materials, the
clusterization results of Girona with three (Supplementary Fig. 1)
and seven (Supplementary Fig. 2) clusters are also illustrated.

Comparison of optimal network with current practice
The optimal network with limited budget availability is illustrated
in the case study of Girona. The Limited Budget (LB) availability
algorithm (Algorithm 2) results in the maximum amount of
reclaimed water served given a maximum budget B (see Methods
section). The LB algorithm is executed considering eight different
budgets from €500K to €2000K, with intervals of €250K over a
randomly selected branched network area, obtained from the
previously generated five-cluster reclaimed water network (see
Fig. 3). Table 4 shows these results for the case study of Girona
where, considering the blue branched network area water tank as
the origin (from the five cluster solution, see Fig. 3), each limited
budget B, pipe network length, reclaimed water served,

percentage of water served over total demand, and execution
time output indicators are presented. The results show a linear
evolution of the percentage of water served over total demand C
as a function of budget B. Supplementary Figs. 3, 4, 5, 6, 7, 8, and
9 illustrate the networks generated for each budget (computation
performed) in Table 4.
The LB algorithm optimization is compared with the so-named

“current practice”, which considers a manual approach based on
actual reclaimed water network planning experience. In the current
practice, unlike the LB algorithm, the best profit P (water served per
cost ratio) is considered based purely on the lowest distance without
considering water served (i.e., for each iteration, the closest
destination is added to the current reclaimed water network until
budget B is reached). The current practice is applied with the same
budgets considered in the testing of the LB algorithm, showing a
linear evolution with a considerably lower slope of the percentage of
water served over total demand C as a function of the budget. Both
linear functions are illustrated in Fig. 4, where the LB algorithm
results in a function C= 17.40B−5.07 and the current practice in a
function C= 6.16B−0.92. As can be seen in Fig. 4, the benefits of the
optimal network approach are more evident as the budget
increases, since the slope of the LB algorithm is almost three times
(2.82) that of the current practice.

DISCUSSION
In the context of the global climate change, where water scarcity
regions are increasing and water reuse is becoming paramount,
an optimal return (e.g. served water per unit cost invested) from
each water reclamation project is sought. Moreover, tourism is
recognized as a major water consuming sector, and the growth in
tourism establishments has been matched by a growth in water
demand3. As such, the new decision support tool presented has
been applied to two case studies in Spain, but it can be easily
adapted and applied to any region world wide. This would only
require configuring the proper open online services and open
data sources (e.g. cadaster) and a potential customization of
default values for water consumption and costs. According to our
knowledge, there are no similar tools in the literature able to plan
and economically asses an optimal water reclamation network for
a city with little computing effort. Besides, the tool may be used
for usual water distribution networks, although it should be
validated and revised.
Urban planners from municipal or regional authorities, consult-

ing companies and/or water utilities can use the tool for planning
urban water reuse projects, i.e., to identify a city’s most critical
water consumption hotspots, compare different solutions by using
technical and economic criteria and then select the optimal
alternative. Another application for this innovative tool could be to
assess which water reuse scenario - centralized, semi-decentra-
lized, or decentralized - offers a better cost-efficient water reuse
scheme, optimizing the number and location of decentralized
treatment plants. Another question worth examining with the tool
would be determining the minimum number of inhabitants to be
decentralized for a water reuse solution to be sustainable for a
specific city/neighborhood. REWATnet can also be used as a
dissemination and training tool for planning water reuse schemes.
This decentralized water treatment and reuse can be extremely

relevant for touristic cities, easing the pressure on scarce water
resources and/or significantly reducing wastewater generation.
For example, in Lloret de Mar, with 40,000 inhabitants in winter
and up to 200,000 in summer, the portion of generated
wastewater coming from tourist facilities was estimated as more
than 10,000 m3/d and at least half of this amount was gray water,
which can be more easily reclaimed than wastewater30.
A validation of the reclaimed network design (pipe length and

diameters) can be carried out by coupling the graph files
generated by our tool and EPANET31. Besides, the current

Fig. 2 Reclaimed water network visualization (Lloret de Mar). The
diagram on the left shows the resulting reclaimed water network for
only public cases, while the one on the right shows the resulting
reclaimed water network for both public and private uses. The city
street graph is represented in gray paths and the reclaimed water
network in magenta paths.

Table 3. Reclaimed water network construction costs for different
clustering solutions, both public and private uses (Girona).

Number of
clusters

Main
network
costs (€K)

Branched
network costs
(€K)

Water
tank
costs
(€K)

Total
costs
(€K)

Cost
(€K/
m3/d)

1 0 12,361 760 13,121 1.84

2 1177 11,278 1200 13,655 1.91

3 1421 11,213 1460 14,094 1.97

4 1715 11,300 1610 14,625 2.05

5 2533 11,502 1960 15,996 2.24

6 2812 11,198 2310 16,320 2.29

7 3249 11,254 2550 17,053 2.39

8 3305 11,291 2870 17,466 2.45
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Fig. 3 Reclaimed water network visualization (Girona). The reclaimed water network for the case study of Girona is illustrated with five
clusters and for both public and private uses. The city street graph is represented in gray paths and the generated branched networks in
different colors (for each cluster). Black rhombuses indicate the location of water tanks (origin point of a branched network). The main
network is represented in wider gray paths.
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clustering algorithm provides a simplified approach based on cost
analysis. Further developments of the tool will include meshed
network designs, which are common designs to better deal with
potential pipe failures, increasing the scope of our tool. Besides,
construction costs for the advanced treatments for water
reclamation, as well as the operational and maintenance costs
for both the water reclamation treatment plant and network, will
also be estimated. Moreover, the use of reclaimed water is not
accepted in many countries or only accepted for specific purposes
according to their regulations. Therefore, an adaptation of our tool
based on the country may be considered.
The innovative REWATnet decision support tool to help plan

optimal networks for reclaimed water reuse in cities has been
developed and tested. With little input data from the users
themselves, and by using open data, the tool is able to compute the
maximum amount of reclaimed water served per unit of cost
invested, including the length and pipe diameters of the network,
the location of storage tanks as well as the population served and
construction costs. In other words, everything under the same
architecture. A comparison of the estimated water consumption for
industry/commerce, public and private uses to actual water
consumption data gives an overall error of 6.4%. Gaining private
user trust in reclaimed water is a key factor for sustainable water

reuse networks since these users have the highest consumption
rates, 60–70% share of the total in the tested cities (with the
differences being due to intense tourism activities). The optimal
network graph is computed by using the Mehlhorn routing and
clustering algorithms and, when needed, the Limited Budget (LB)
availability algorithm. The construction cost of an optimal water
reclaimed network for a city of approximately 100,000 inhabitants is
estimated to be in the range of €0.17-0.22/m3 (for a payback period
of 30 years), thus demonstrating a reasonable cost compared to
actual costs of drinking water networks. For the same city, the
automatic tool computes (in less than 10 minutes) an optimal
network able to serve reclaimed water up to three times more than
the water served using the current (manual) planning practice.
Finally, the tool also provides a map of a user-friendly visualization
of the optimal reclaimed water network, including the main and
branched networks and colored city clusters, when needed.

METHODS
Overview
This section first presents the data collection, distinguishing the
different data sources; on the one hand, the open data sources to
automatically obtain city characteristics and, on the other hand,
the consumption and costs-related databases. The combination of
multiple data sources is indeed one of the key features of our
proposal. Second, the definition of the potential water reuse
scenarios is introduced in order to target the desired water
destinations in cities based on their water usage. Third, the routing
algorithms, based on graph theory and optimization, that support
the generation of the reclaimed water network, as well as the
algorithms for city clustering (for water tank allocation), pipe
diameter selection, and limited budget availability are presented.
Finally, the case studies (i.e., cities) used for the testing of the
decision support tool are presented.

City characteristics: open data sources
The city characteristics are collected automatically from open
data sources. In particular, we obtain and link together: (i) the city
street graph; (ii) the city land plots and building data; and (iii) the
city topography.

Table 4. LB algorithm results over a randomly selected branched
network area (Girona five clusters, blue cluster water tank in Fig. 3,
public and private uses).

Budget (€K) Pipe
network
length (m)

Transported
water (m3)

Water served /
total
demand (%)

Execution
time (s)

500 3420 337 4.7 57

750 5191 529 7.4 59

1000 8464 777 10.9 159

1250 11,412 1228 17.2 273

1500 14,680 1477 20.7 384

1750 17,658 1906 26.7 392

2000 20,426 2086 29.2 493

Fig. 4 LB algorithm water served per budget results, compared with current practice. Percentage of water served over total demand
comparison between the LB algorithm and current practice (manual approach). The linear regression functions for both the LB algorithm and
current practice are defined in the figure legend and represented as dotted lines.
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City street graph. The entire city street graph is obtained from the
OpenStreetMap32 API (a software intermediary that allows two
applications to communicate), using the OSMnx library33. This API
provides a street graph containing the city streets (edges) and
intersection points or direction changes on street turns (nodes). It
is assumed that the pipes for the new reclaimed water network
will be installed following the streets of the city. This information
layer is the basis for the data aggregation related to the city (i.e.,
land plots and building data, water uses, inhabitants, and
consumption), and for later running the algorithms.

Land plots and building data. The land plots and building data
of a city are required to extract all the possible reclaimed
water destinations and consumption demands. Each land plot
geographical location is linked and clusterized to the nearest
points of the city street graph, where the pipes of the reclaimed
water network will be placed. The land plot data provides the
surface and terrain use (e.g., household, hotels, gardens, or
sports facilities), while the building data indicates whether the
plot is occupied by a single household or a building of several
floors and apartments. The building data is needed to estimate
the number of inhabitants per plot, which is required to
estimate daily water consumption. The water consumers living
in a household are estimated as the ratio between the number
of inhabitants in a given city and the number of households of
that city, which can usually be obtained from the national
statistics institutes.

City topography. The city topography is required to know the
elevation of the plots, which is essential to calculate the optimal
route for the reclaimed water network and place water tanks
properly, and assure adequate pipe diameter and minimal
operation and maintenance costs due to pumping.

Consumption and construction costs database
A relational database including the data required to estimate
water consumption for different water reuse purposes and
network construction investment costs was developed. Default
values are included in the database of the decision support tool
but all parameters, based on the appearance of new or more
precise information available, can be customized to user needs.
The database for the estimation of the reclaimed water
consumption for different uses is based on bibliographic and
practitioner information (see Supplementary Table 4)34–42, and can
also be extended with additional water uses providing water
consumption and destination locations. The database for the
reclaimed water network construction costs has been obtained
from a tool for life cycle analysis of sewer systems construction43,
which is based on a standard database frequently used by
practitioners44 (see Supplementary Table 1, Supplementary Table
2, and Supplementary Table 3).

Scenario definition
The definition of potential water reuse scenarios involves: (i) the
selection of the reclaimed water origin and destinations (among
all potential water reuse purposes, see Supplementary Table 4);
and (ii) the identification of the city area that will be considered,
i.e., the whole city area or only some parts of the city with special
interest for water reuse (e.g., new developments) or complying
with optional constraints such as a minimum reclaimed water
flow rate or population served. The origin of reclaimed water is
the centralized wastewater treatment plant, which incorporates a
tertiary or advanced treatment for enhancing effluent water
quality. The possible uses for reclaimed water would normally be
defined by the end user, whereas the areas of application
can be either automatically identified by the algorithms or by
the user.

Reclaimed water network generation
In brief, let G ¼ ðV; EÞ be the reclaimed water network graph, with
a V-element set of nodes V representing the set of destination
(water consumption) nodes, the water source node, and junction
points, and an E-element set of links E � V2 representing pipes.
Additionally, r (where r 2 V) denotes the source node (e.g., the
reclaimed water treatment plant or an initial water tank), and C
(where C � V) denotes a C-element set of consumption nodes.
First, we introduce the routing algorithms, and then the
optimization algorithms for city clustering (branched network
areas definition and water tank allocation), pipe diameter
selection, and limited budget availability are presented.

Routing algorithms. The routing algorithms to generate and
analyze the reclaimed water networks are based on techniques
borrowed from graph theory19. In the case of water distribution
networks, the pipes correspond to the graph edges and the
junctions represent the graph nodes from the city street graph.
Hence, these networks follow the existing street paths. Using that
representation, we generate a network, solving the problem of
covering the paths from the centralised water reclamation plant to
all the required destinations with minimum costs, using graph
routing techniques such as Steiner Tree algorithm variations.
The Steiner tree problem in graphs is well known to be

computationally intractable since it is an NP-hard problem45. A
preliminary performance and complexity study has been carried
out on improved Steiner tree optimization and greedy algorithms
to select the proper routing algorithm to use. In particular, Table 5
shows the complexity of the Kou46, Takahashi47, and Mehlhorn23

algorithms, and where it can be seen that the Mehlhorn algorithm
provides the better complexity.
The execution of the routing algorithms over a city street graph

results in a reclaimed water network graph G ¼ ðV; EÞ, where E
contains the edges of the city street graph that are the most
suitable to build the water distribution network (i.e., the pipe route
that minimizes the network length). However, in this stage, the
pipes defined by E do not yet contain their diameters.
Since some land plots potentially using reclaimed water may be

too far from the nearest node or connection point on the street
graph, the routing algorithms omit all plots that are farther away
than a certain distance from the land plot centroid, which is given
by a threshold in meters customizable by the user.

City clustering algorithms. In the case of small cities, a water tank
placed alongside the water reclamation plant can be enough to
supply all the destination nodes on the distribution network,
acting as a unique branched network. Because of large distances,
this is not possible in medium to large cities, where a
clusterization of the city street network is necessary for scalability
reasons. The allocation of additional water tanks along large
water reuse networks is needed for practical reasons such as
topography issues (i.e., issues that disable gravity distribution),
pressure losses, and leak localization48,49. Thus, a clustering
approach to build the reclaimed water network in medium to
large cities is presented.

Table 5. Technical comparison of Steiner tree algorithms.

Algorithm Complexity

Kou OðjVj ´ jEj ´ log jVjÞ
Takahashi O jSj ´ jVj2

� �
Mehlhorn OðjVj ´ log jVj þ jEjÞ

Given G ¼ ðV; EÞ, search the Steiner tree with terminals S.
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Although several graph clustering optimization algorithms
exist, a medium to large city scenario requires an efficient
algorithm to provide a feasible solution in a reasonable amount
of time. In Blondel et al. (2008)22, the authors propose the so-
called Louvain algorithm, a heuristic method based on modularity
optimization that outperforms all the other known clustering
methods in terms of computation time. Their results show a
significant reduction of the network computation time compared
to the well-known algorithms of Clauset, Newman and Moore50,
of Pons and Latapy51, and of Wakita and Tsurumi52.
Thus, our proposal is to apply the Louvain heuristic algorithm

to generate city clusters based on node-pairs proximity, each
city cluster representing a branched network area. First, it is
necessary to place an initial water tank alongside the distribu-
tion network source node (i.e., the water reclamation plant).
Next, for each cluster, a simple algorithm optimizes the
placement of a water tank. This algorithm selects as candidates
the subset of the cluster nodes equal to or higher (in elevation)
than the highest destination node. From these candidates, the
algorithm finds the node that minimizes the cluster minimum
Steiner tree (i.e., that minimizes the branched network area).
With this method, we assume that, for each cluster, the water
will reach all the destination nodes by gravity. Exceptionally, in
order to save costs, the initial water tank also behaves as its
cluster water tank. Once the clusters are defined and the water
tanks allocated, the main network is constructed based on the
minimum Steiner tree between the initial water tank and the
other cluster water tanks.

Pipe diameter selection algorithm. Once the network graph G is
generated by applying a routing algorithm, it is necessary to select
the appropriate construction pipe diameters for each edge from a
limited set of available pipe diameters based on the reclaimed
water demand of the destination nodes. The diameter selection
(DS) algorithm (Algorithm 1) selects the proper pipe diameter for
each edge of the reuse water network G. First, the algorithm
obtains the expected daily reclaimed water flow volume w (in m3/s)
of each edge e 2 E based on the consumption of the destination
nodes c 2 C where the edge e is present in the route Eðr; cÞ, r; r 2
V being the water distribution source node. Then, the minimum
required diameter d(e) is computed from the edges expected
reclaimed water flow w(e) and the desired flow speed s using the
Eq. (1). The flow speed s is set to 1 m/s by default, extracted from
Simpson and Elhay (2008)53, who proposed pipe velocity range of
0.5 to 1.5 m/s. Finally, based on the user-specified set of available
pipe diameters D, the algorithm selects for each edge e the next
greater value d0ðeÞ from the computed minimum required
diameter d(e). Table 6 specifies the full notation used for the
diameter selection (DS) algorithm.

dðeÞ :¼
ffiffiffiffiffiffiffiffiffiffi
wðeÞ
s ´ π

r
´ 2 (1)

Algorithm 1. Diameter selection (DS) algorithm.
Step 1: Initialize the node r and sets C; D; m; Eðr; cÞ; c 2 C;
X :¼ +; Y :¼ E.
Step 2: Choose at random an edge with unassigned water flow,
i.e., an edge e 2 Y, set w(e)≔ 0, and update sets X ;Y.
Step 3: For each water distribution consumption node c∈ C:
(a) if e 2 Eðr; cÞ, then set w(e)≔w(e)+w(c).

Step 4: If w(e) > 0, then:
(a) compute dðeÞ :¼

ffiffiffiffiffiffiffi
wðeÞ
s´ π

q
´ 2, and set d0ðeÞ :¼ maxðDÞ.

(b) for each available pipe diameter p 2 D:
(i) if p >= d(e) and p < d0ðeÞ, then set d0ðeÞ :¼ p.

Step 5: If Y ≠+, then go to Step 2.
Step 6: If Y ¼ +, then stop (d0ðeÞ contains the assigned pipe
diameter 8e 2 E).

Limited budget availability algorithm. The limited budget avail-
ability (LB) algorithm (Algorithm 2) uses the routing algorithms
and the DS algorithm (Algorithm 1) to build a reclaimed water
network that maximizes the water volume served for a specific
budget B. The LB algorithm follows a greedy approach that is an
adaption of the algorithm provided in54, which presents fast
heuristics for the Steiner tree problem with revenues, budget, and
hop constraints. The main idea of the algorithm is to iteratively
build a reclaimed water network while its cost does not exceed
the provided budget. It starts from an initial graph T with only the
reclaimed water source node r. For each iteration, and while the
construction costs are below the budget, the algorithm adds to T
the destination node c (c∉T ) that provides the best profit P
(water served per cost ratio). The profit P is obtained by dividing
the node c cubed daily water consumption by the extra
construction cost of adding c to the graph T .

Algorithm 2. Limited Budget availability (LB) algorithm.
Step 1: Initialize the node r, the budget B, and sets C; D; m.
Step 2: Let T be the initial graph with V0 :¼ frg and E0 :¼ +.
Step 3: Set the profit P≔ 0, the iteration candidate node
n :¼ +, and its current network’s closest node o :¼ +.
Step 4: For each reclaimed water consumption node
c : c 2 C; c∉V0:
(a) Get the node a 2 V0 that minimizes the path to join T with
c, such that:P

lðeÞ; e 2 Eða; cÞ :¼ minðð
P

lðeÞ; e 2 Eðv0; cÞÞ; v0 2 V0Þ
(b) Copy the graph T to U , such that ðV00; E00Þ :¼ ðV0; E0Þ.
(c) Add the (a, c) path to graph U , such that V00 :¼ V00 Sfag,
and E00 :¼ E00 S Eða; cÞ.
(d) Compute Algorithm 1 (DS) with U and D, to obtain the
pipe diameters d0ðeÞ; e 2 E00.
(e) Calculate the pipe network construction cost Z of U
(including the initial water tank) from d0ðeÞ and l(e), e 2 E00 (see
Supplementary Table 1 and Supplementary Table 3).
(f) If Z <= B, then:

(i) Compute the profit P0 of adding a to T , such that
P0 :¼ mðaÞ3

L , where L :¼
P

lðeÞ; e 2 Eða; cÞ.
(ii) If P0 > P, then set P :¼ P0, n≔ a, and o≔ c.

Step 5: If P > 0, then:
(a) Add the (n, o) path to graph T , such that V0 :¼ V0 Sfog,
and E0 :¼ E0 S Eðn; oÞ.
(b) Go to Step 3.

Step 6: T represents the final reclaimed network graph G.

Table 6. Full notation concerning the algorithms.

r; r 2 V reclaimed water source node

C set of water distribution consumption nodes; C � V
D set of available pipe diameters (each one in mm)

s float constant indicating the desired water flow speed
(in m/s, 1 by default)

mðcÞ; c 2 C integer indicating the consumption of destination node
c (volume, in m3)

Eða; cÞ; c 2 C set of edges forming the shortest path from the source
node a to the destination node c; Eða; cÞ � E

lðeÞ; e 2 E float indicating the length the edge e (in m)

wðeÞ; e 2 E float indicating the water flow of the edge e (in m3/s)

X set of edges with assigned water flows; X :¼ fe : e 2 fg
Y set of edges with unassigned water flows; Y :¼ E n X
dðeÞ; e 2 E integer indicating the minimum required diameter of

the edge e (in mm)

d0ðeÞ; e 2 E integer indicating the assigned diameter of the edge e;
d0ðeÞ 2 D (in mm)
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Case studies
The usefulness of the decision support tool presented here is
illustrated in the cities of Girona and Lloret de Mar, both in
Catalonia (North-East of the Iberian Peninsula), two different but
complementary cities in terms of size, density and topography.
Girona with its 103,369 inhabitants and 47,446 households (2.4
citizen per household), is a typical Western Mediterranean city;
compact, with mixed uses and clearly divided between the old
town and the modern peripheral. Its urban area extends 12.7 km2

on a rivers’ crossing, has a population density of 8139 hab/km2,
an average slope of 5.1 and an altitude range (difference between
minimum and maximum altitudes) of 177 m. Lloret de Mar is a
city located on the northeastern Mediterranean coast of Spain.
The city has a year-round population of 39,089 and a seasonal
population equivalent (non-residents who either reside, work,
study or spend holidays in Lloret de Mar multiplied by a
weighting factor based on the total number of days in a year
the person stays in Lloret de Mar) of 16,305 (leading to 2.35
citizen per household). Its urban area extends 7.8 km2, it has a
population density of 5011 hab/km2, an average slope of 13.3 and
an altitude range of 344 m. Much of the city’s economy is
dependent on tourism. In fact, the city has about 120 hotels,
which translates into 29,147 hotel beds with a year-round average
occupancy rate of about 65% in 201634. In addition, the number
of visits to the city in 2014 surpassed one million (Lloret Turisme
Press Office). Real water consumption data from 2019 was
provided by the water public utility of Girona for the validation of
the decision support tool42.
The scenarios illustrated in the results section of this paper

include: (i) a comparison of the reclaimed water networks
generated by different routing algorithms for public water uses
in the cities of Girona and Lloret de Mar; (ii) with the best routing
algorithm, a comparison of the reclaimed water networks
generated for scenarios with only public water use and with both
public and private water uses; and (iii) the optimal reclaimed water
network with limited budget availability for the case of Girona
compared with current practice (i.e., semi-manual approach). The
results have been obtained using an Ubuntu 20.04 LTS server (CPU
AMD Ryzen 5600X, 32GB RAM), although the tool can be used on
other systems. All the computations have been spawned in a
Python notebook (Jupyter Hub).

DATA AVAILABILITY
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Chapter 5. Results

5.3 Seamless integration of sewer system topology and
tree location data: An algorithm to diagnose the
potential impact of tree roots on pipes and propose
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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 specific 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, 
significantly 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.

1. Introduction

A wastewater network is formed by a conglomeration of underground pipes and maintenance holes that work together in order 
to collect and drain wastewater from households or industrial centers to wastewater treatment plants. Once treated, the water is 
returned to the environment or reused for beneficial purposes such as agriculture, irrigation, or even potable water supplies [1], ever 
more widely accepted by the general public [2]. Hence, wastewater networks are critical infrastructures and essential assets for the 
proper functioning of society and the economy [3,4].

The wastewater network is subject to several threats that lead to leakages and, thus, significant economic losses and public 
health hazards [5]. Pipe failures cause not only direct economic costs through repairs, but also indirect costs such as damage to 
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infrastructures, disruption to business, and production losses [6]. The concept of “urban water security” emerged to address such 
vulnerabilities leading to a new understanding of the complex dynamics between human and natural systems and can pave the way 
to extend the scope of risk management [7].

Christodoulou et al. [8] and Obradović [9] agree that natural factors such as tree roots affect pipe failure hazard rates. In 
particular, they recommend checking pipes in the proximity of trees and evaluating the possibility of tree rearrangement, although a 
more in-depth analysis is needed. According to their work, the risk of pipe failure incidents concerning tree roots increases over time 
and can be exacerbated on old or corroded pipes [10]. Sydney Water [11] agrees with this statement, justifying that the roots of trees 
planted in the wrong place can find their way into wastewater pipes, causing about 80% of all dry weather sewage overflows and 
seriously affecting public health and the environment. However, there is an active discussion on whether tree roots are able to crack 
pipes. According to Hartley [12], tree roots may affect pipes in other ways such as joint intrusion or tensile forces. For example, no 
matter the individual root size, the total volume of the tree roots in a joint could develop a surface big enough to break the pipe 
collar.

The concept of Tree Protection Zones (TPZs) is widely known in the world of arboriculture, and is defined as the calculated area 
above and below ground at a given distance from the tree trunk to provide for the protection of the tree’s roots and canopy during 
construction works [13]. Although the TPZ is tied to tree protection, it can be used the other way around. In other words, although 
TPZ defines an area where construction works can affect tree roots, this area can also be considered the impact zone where tree 
roots can break into infrastructures such as wastewater pipes. The Australian Standard [14] is the most widely-accepted method for 
calculating TPZ, although it has led to discussion [15].

Tree species also influence the hazard rate depending on their capacity to build and extend root systems. Ward and Clatterbuck 
[16] provided a list of slow-growing tolerant trees considered “sewer-safe”, and Sydney Water [11] a list of fast-growing sensitive 
species. Hence, planting the right species of tree also reduces pipe failure hazard rates [9]. Moreover, Östberg et al. [17] identified 
which tree species are most likely to crack pipes through fieldwork inspections of wastewater networks. Specifically, it is advisable 
to conduct CCTV sewer surveys at increased intervals, particularly when previous surveys have revealed a history of high-risk pipe 
failures [18].

Municipalities often tend to maintain an inventory of trees and their respective species, as well as details about the wastewater 
network (e.g., pipe age, material, length). Given the extensive datasets available to municipalities, there is potential to apply AI 
techniques to predict failure risks. Dawood et al. [19] achieve this by performing a literature review on AI algorithms to predict 
drinking water pipes’ risk of failure and highlighted that the main parameters related to this are physical factors such as age, length, 
diameter, and material. Other factors, including environmental (e.g., tree roots) and operational ones, present a lower effect on pipe 
failure risk, although they should also be considered.

Apart from the AI approaches, Amiri-Ardakani and Najafzadeh [20] presented a probabilistic framework, considering both natural 
and human factors, for pipe break rate estimation. Other works require Monte Carlo simulations to predict risk probabilities [21]. 
Moreover, Vishwakarma and Sinha [22] introduced a prediction method using a fuzzy inference system to assess the comprehensive 
failure impacts of water pipes based on economic, social, and environmental impacts, operational characteristics, and renewal 
complexity.

Human factors such as street works or building constructions have been proven as other of the main factors leading to accidents 
and also contribute to wastewater leakages and pipe failures [23]. Managing human activities is essential to prevent wastewater 
leakages. Hence, the concept of TPZ can be applied to other human factors, such as urban construction works, and used as an Impact 
Area (IA) metric for physical elements that can make their way into wastewater pipes (Fig. 1).

Intelligent tree positioning in cities has recently been applied in other fields of research, such as the strategic planning of trees in a 
city area to improve the walkability of the outdoor space [24]. However, tree rearrangement has not been studied yet for minimizing 
the impact of tree roots on pipes and, thus, going towards securing wastewater networks.

Drawing from this background and the availability of relevant databases for pipe and risk element geolocalization, it is possible 
to automate processes through mathematical algorithms to determine whether it is better to wait and repair pipes when failures or 
leakages occur or avoid them by rearranging nearby elements. The novelty of this approach is to automatically cross these databases 
for fast environmental protection and city planning, providing cost-effective impact and risk assessments, as it requires already 
available data in municipalities and without the need for fieldwork in sewers. The contributions are the following:

1. A new concept of Impact Areas (IAs), which defines the impact zone where physical elements can break into underground 
network infrastructures, evaluates the impact of the elements and detects the worst threats based on the idea of Tree Protection 
Zones (TPZs).

2. Mathematical algorithms and methods are introduced to analyze the impact of risk elements on the pipes and evaluate the pipe 
failure hazard risk on wastewater networks.

3. A novel algorithm provides Element Rearrangement (ER) solutions that minimize pipe failure hazard risk and mitigate wastew-
ater leakages.

4. For a specific case study considering tree roots as natural elements, a comparison between the results obtained and an “all sewer-
safe tree city”, which is an ideal city where all trees would be slow-growing or tolerant, quantifies the benefit and wastewater 
leakage risk reduction of planting “sewer-safe” trees at convenient locations.

5. A method to estimate the probabilities of pipe failures is also introduced and used to extract the expected cost of repair. The 
original and ER scenarios are then compared and analyzed.
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Fig. 1. Examples of potential Impact Areas (IAs) drawn in red ellipses considering natural (green rectangles representing urban trees) and human (purple rectangles 
representing street works) factors in a portion of the wastewater network of Girona (pipes in gray lines, junctions in blue-filled circles).

6. The economic savings (i.e., payback) considering the expected cost of repairs and the cost of the ER works are analyzed for both 
the original and ER scenarios.

The remainder of the paper is organized as follows. Section 2 presents the methodology followed; including an explanation of the 
general methodology (Section 2.1), the definition of the algorithms and methods (Section 2.2), and the introduction of the case study 
(Section 2.3). Section 3 illustrate the results and effectiveness and considers the approach described in the paper together with the 
discussion and future work, including the results of the tree impact and pipe failure risk analyses (Section 3.1), the most damaging 
trees detection (Section 3.2), the pipe risk reduction from the Element Rearrangement (ER) algorithm (Section 3.3), the pipe failure 
probabilities and expected cost of repairs (Section 3.4), and the economic savings of the ER algorithm (Section 3.5). Finally, Section 4
summarizes the results and contributions of the paper.

2. Materials and methods

The following methods are based on graph theory to build and manage the layer of wastewater pipe networks [25]. Several 
previous studies have used graph theory in water distribution and wastewater networks: Ahmadullah and Dongshik [26] for designing 
drinking water networks; Calle et al. [27] for wastewater sensor placement approaches concerning SARS-CoV-2 detection; and Meng 
et al. [28] for proposing a comprehensive analytical framework for examining the resilience pattern of water distribution systems 
against topological characteristics (i.e., the correlations between resilience and topological features).

2.1. General methodology

The methods and mathematical algorithms presented in this paper involve the following steps: (i) defining the scenario; (ii) 
preparing the scenario; and (iii) estimating key output indicators (Fig. 2).

2.1.1. Defining the scenario

The required user inputs are (i) a city’s water network graph and (ii) the risk elements data. The first parameter (i) must be 
in a graph format (e.g., Graphml [29]), usually converted from a geographical information format (e.g., GIS) provided by water 
companies. The second parameter (ii) must include at least the location and, in the case of trees as natural risk elements, an interval 
(or exact value) of trunk perimeter or diameter and, optionally, the species of the trees. If provided, tree species allow for a more 
finely-tuned calculation of the Impact Area (IA) depending on the Tree Protection Zone (TPZ) computation method.

A safe radius proportional to the risk element sizes is used to calculate the IAs, which varies in function of the method being 
considered. In the specific case of trees, Table 1 compares the three most used TPZ methods: Day et al., the Australian Standard, and 
considering all trees as “sewer-safe”. The last method is used to analyze the gain in pipe failure risks (i.e., failure minimization) in 
a hypothetical scenario where all the city trees would be “sewer-safe” (i.e., an ideal city where all trees would be slow-growing or 
tolerant).
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Fig. 2. Methodology scheme for the presented methods and algorithms.

Table 1

Comparison between the three most used Tree Protection Zone (TPZ) methods used to calculate the Impact Area (IA) in 
the case of trees as risk elements.

IA TPZ method References

Day et al. 6:1 ratio (radius of TPZ:trunk diameter) for tolerant or 
“sewer-safe” trees and 18:1 for sensitive fast-growing species

[30,31]

Australian Standard 12:1 ratio (radius of TPZ:trunk diameter) for all trees [14]
All “sewer-safe” 6:1 ratio (radius of TPZ:trunk diameter) for all trees [30,31,16]

2.1.2. Preparing the scenario

The preparation of the scenario starts with converting the original network coordinates onto a projected EPSG 3857 plane, a 
Spherical Mercator projection coordinate system popularized by Google Maps and later OpenStreetMap. Next, risk element locations 
are processed together with their IAs, which depend on the risk element size and type.

In the case of trees as a risk element type, tree diameter is estimated based on trunk perimeter or diameter intervals depending on 
the original dataset. In the case of diameter intervals, this is considered the upper value (i.e., worst-case scenario). Then, “sewer-safe” 
trees that are identified through the computation of the Tree Protection Zone (TPZ) may differ based on the method. Finally, the 
TPZ is computed for each tree based on the selected TPZ method, obtaining the Impact Areas (IAs) and the scenario is ready for the 
computation of the algorithms.

2.1.3. Estimating output indicators

The impact of a risk element is the value representing the effect of this element on the nearby pipes inside its Impact Area 
(IA) based on the distances between the element and the pipes. The pipe failure risks are calculated from the aggregation of the 
affected impacts of each element for each pipe. The calculated IAs are used together with the distances obtained from the execution 
of the ED algorithm (Algorithm 1) to calculate the element impacts and the pipe failure risks. Furthermore, impacts are used for the 
optimal analysis of rearrangement to minimize pipe failure risk through the execution of the Element Rearrangement (ER) algorithm 
(Algorithm 2).

The probabilities of pipe failures are also calculated considering the failure risks, thus enabling the extraction of the expected 
repair costs. The expected repair costs can be calculated for both the original scenario (i.e., original element locations) and consid-
ering rearranged elements (ER algorithm). Furthermore, rich on-map and graphical data visualization of the results are generated to 
help visualize the numerical results through the open data sources (e.g., data histograms, geographical pipe risk and most-impacting-
element maps, line charts, etc.).

2.2. Algorithms

In brief, let  = ( , ) be the wastewater network graph, with a 𝑉 -element set of nodes  representing the set of origin (wastew-
ater entries) nodes, the wastewater treatment plant, and junction points, and an 𝐸-element set of links  ⊂  |2| representing pipes. 
Additionally,  denotes a 𝑇 -element set of risk elements. Table 2 specifies the notation used for the algorithms.

First, the element-pipe distances (ED) algorithm (Algorithm 1) makes use of the nearest_edges function, a key component of the 
OSMnx library, as detailed in Boeing’s work [32]. The nearest_edges function serves a straightforward purpose: it identifies the closest 
water network pipe 𝑒 to a specific geographic point, representing the location of a risk element 𝑡 within the context of the study.
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Table 2

Full notation concerning the algorithms.

 set of risk elements

 set of wastewater network pipes
𝑧(𝑡), 𝑡 ∈  Impact Area (IA) of risk element 𝑡
𝑑(𝑡, 𝑒), 𝑡 ∈  ; 𝑒 ∈  distance between risk element 𝑡 and pipe 𝑒
𝑖(𝑡, 𝑒), 𝑡 ∈  ; 𝑒 ∈  impact of risk element 𝑡 on pipe 𝑒
𝑖(𝑡), 𝑡 ∈  impact of risk element 𝑡 on the wastewater network
𝑟(𝑒), 𝑒 ∈  failure risk of pipe 𝑒 based on risk element impact aggregation
𝑝(𝑒), 𝑒 ∈  probability of failure of pipe 𝑒 (caused by risk elements during its operational period)
𝑙(𝑒), 𝑒 ∈  length of pipe 𝑒
𝑐(𝑒), 𝑒 ∈  expected repair cost of pipe 𝑒 based on 𝑝(𝑒)

Algorithm 1: Element - pipe distances (ED) algorithm.

Step 1: Initialize the wastewater network graph  = ( , ) and risk element set  .
Step 2: For each risk element 𝑡 ∶ 𝑡 ∈  , obtain its nearest pipe 𝑒 ∶ 𝑒 ∈  and distance 𝑑(𝑡, 𝑒) using the OSMnx nearest_edges function.
Step 3: For each risk element 𝑡 ∶ 𝑡 ∈  and its nearest edge 𝑒 ∶ 𝑒 ∈  :
(a) Let ′ = ( ′,  ′) be a copy of the graph .
(b) While 𝑑(𝑡, 𝑒) ≤ 𝑧(𝑡):

(i) Remove pipe 𝑒 from graph ′, such that 𝐸′ ∶=𝐸′ ⧵ {𝑒}.
(ii) Obtain the nearest pipe 𝑒′ ∶ 𝑒′ ∈  ′ of risk element 𝑡 and the distance 𝑑(𝑡, 𝑒′) using the OSMnx nearest_edges function.

(iii) Set the current nearest pipe as 𝑒 ∶= 𝑒′.

Step 4: 𝑑(𝑡, 𝑒), 𝑡 ∈  ; 𝑒 ∈  represents a data structure with element-pipe distances for all risk elements 𝑡 ∈  and pipes 𝑒 ∈  in which 
𝑑(𝑡, 𝑒) ≤ 𝑧(𝑡).

The ED algorithm plays a pivotal role in determining the set 𝑑(𝑡, 𝑒), which characterizes the distances between each identified 
risk element 𝑡 and all the water network pipes 𝑒 that are situated within the risk element 𝑡 Impact Area (IA). For each risk element 
𝑡 and its nearest pipe 𝑒, acquired through the nearest_edges function, the ED algorithm systematically checks if the pipe 𝑒 falls within 
the IA of the risk element 𝑡. If it does, the algorithm removes this pipe 𝑒 from the original wastewater network  and executes the 
nearest_edges function once more to identify the next nearest pipe 𝑒′. This process continues until the algorithm identifies pipes and 
element-pipe distances that fall outside the IA for all the risk elements. In essence, the ED algorithm harnesses the capabilities of 
spatial analysis and geographic data to precisely compute these 𝑑(𝑡, 𝑒) distances.

Then, Equation (1) describes the risk element impacts for each pipe 𝑖(𝑡, 𝑒), 𝑡 ∈  , 𝑒 ∈  . In other words, the impact of element 𝑡
on a pipe 𝑒 is defined as a normalized value between 0 and 1. The maximum value represents the pipe passing through the center 
of the IA, and the minimum represents the pipe passing just at the edge of the IA (Fig. 3). If the pipe is outside the IA, the value is 
considered 0.

𝑖(𝑡, 𝑒) ∶= max{1 −
𝑑(𝑡, 𝑒)
𝑧(𝑡)

,0} (1)

The impact aggregation of risk element 𝑖(𝑡) on the whole wastewater network is simply the summation of risk element 𝑡 impact 
over the network pipes 𝑒 ∈  (Equation (2)). Note that the impact aggregation 𝑖(𝑡) values can be greater than one, and taking the 
example of Fig. 3, a value of 𝑖(𝑡) = 1.1 represents the impact aggregation of the pipe 𝑒1 (𝑖(𝑡, 𝑒1) = 0.4) and the pipe 𝑒2 (𝑖(𝑡, 𝑒2) = 0.7), 
which are those inside the IA of risk element 𝑡.

𝑖(𝑡) ∶=
∑

𝑖(𝑡, 𝑒), 𝑒 ∈  (2)

The same procedure is followed in Equation (3) to obtain the pipe failure risk of each pipe 𝑟(𝑒) considering all risk elements, i.e., 
the summation of each risk element 𝑡 ∈  impact over the network pipe 𝑒.

𝑟(𝑒) ∶=
∑

𝑖(𝑡, 𝑒), 𝑡 ∈  (3)

Although the pipe failure risk 𝑟(𝑒) is a quantitative measure, Table 3 shows a proposal of qualitative assessment, which assists in 
interpreting the results of the measure presented later in the results section. Note that the assessment value intervals can be adjusted 
with more research or using other requirements.

The Element Rearrangement (ER) algorithm (Algorithm 2) minimizes the pipe risk by rearranging a portion of the most impactful 
risk elements. The algorithm contemplates two options: (i) risk element removal or (ii) element replacement in the case of trees 
as a natural risk element type, as trees can be replaced with a smaller “sewer-safe” tree alternative). Moreover, the algorithm also 
considers an exception element list  for cases where it is not possible to remove specific elements (e.g., in the case of trees for 
cultural or historical significance or technical challenges; or in the case of street building constructions for the original location being 
the only available option).

In the context of tree roots as a natural factor, the ER algorithm operates as follows: it begins by selecting the top 𝑝 percentage of 
the most impactful trees from the entire set of risk elements  , creating a new set denoted as  ′. Subsequently, each tree 𝑡 in  ′ is 

58



Heliyon 10 (2024) e23382

6

D. Martínez, S. Bergillos, L. Corominas et al.

Fig. 3. Example of risk element impacts 𝑖(𝑡, 𝑒) computation within an IA (𝑡 as a tree).

Table 3

Proposal of pipe qualitative risk assessment.

Pipe risk 𝑟(𝑒) value Qualitative assessment

𝑟(𝑒) = 0 The risk 𝑒 is “non-existent”. The pipe does not pass through any Impact Area (IA).
0 < r(e) ≤ 1 The risk 𝑒 is “low”. At most, the risk element impact aggregation on the pipe reaches one unit.
1 < r(e) ≤ 3 The risk 𝑒 is “moderate”. The risk element impact aggregation on the pipe outreaches at most three units and surpasses one at least.
3 < 𝑟(𝑒) The risk 𝑒 is “high”. The risk element impact aggregation on the pipe surpasses three units.

Algorithm 2: Element Rearrangement (ER) algorithm.

Step 1: Initialize the wastewater network graph  = ( , ), risk element set  , exception risk element set  , set 𝑖(𝑡), percentage 𝑝 (from 0 
to 100, natural-factor specific), replace 𝑟 (True, False), replace tree perimeter 𝑟𝑝 (in centimeters, natural-factor specific), and rearranged 
risk element set  .

Step 2: Let  ′ be the set of 𝑝 percentage most impactful risk elements based on highest 𝑖(𝑡) for all 𝑡 ∈  ∉ .
Step 3: For each risk element 𝑡 ∶ 𝑡 ∈  ′:
(a) Remove risk element 𝑡 from set  , such that  ∶=  ⧵ {𝑡}.
(b) Add risk element 𝑡 to set  , such that  ∶= ⋃

{𝑡}.
(c) If 𝑟 = True, then:

(i) Place a “sewer-safe” tree risk element 𝑠 on the same location of risk element 𝑡, such that 𝑑(𝑡, 𝑒) = 𝑑(𝑠, 𝑒), ∀𝑒 ∈  .
(ii) Compute 𝑧(𝑠) considering a tree perimeter of 𝑟𝑝 .

(iii) Add “sewer-safe” tree risk element 𝑠 to set  , such that  ∶=  ⋃
{𝑠}.

Step 4:  contains the new risk element set and  contains the list of rearranged elements. Recompute 𝑖(𝑡, 𝑒), 𝑖(𝑡), and 𝑟(𝑒) to obtain the 
new elements’s impact and pipe risk analysis.

removed from  and integrated into  , signifying the exclusion of the specific tree 𝑡 from the original set. When the “replace” option 
𝑟 is activated, a new “sewer-safe” tree 𝑠 with a perimeter of 𝑟𝑝 is introduced at the same location as the original tree 𝑡. The Impact 
Area (IA) of the new tree 𝑠, denoted as 𝑧(𝑠), is then calculated, and this newly introduced tree 𝑠 is incorporated into the set of risk 
elements  .

Consequently, the algorithm proceeds to recompute the impact of the trees and the risks associated with the pipes (i.e., 𝑖(𝑡, 𝑒), 𝑖(𝑡), 
and 𝑟(𝑒)). As a result, the  set now contains the updated risk element set, while  maintains a record of the relocated elements.

To extract the probabilities of pipe failures caused by risk elements 𝑝(𝑒), 𝑒 ∈  , a new customizable threshold 𝑅𝑓𝑎𝑖𝑙 sets the value 
of risk 𝑟(𝑒) in which there is a 100% probability of failure of pipe 𝑒 during its operating time period, often considered 30 years 
(i.e., if 𝑟(𝑒) = 𝑅𝑓𝑎𝑖𝑙 , then 𝑝(𝑒) = 1) [33]. Depending on the desired 𝑅𝑓𝑎𝑖𝑙 value, some probabilities may be greater than one due to 
data outliers (i.e., if 𝑅𝑓𝑎𝑖𝑙 < 𝑟(𝑒), 𝑒 ∈ ), which may indicate the probability of more than one failure during the operation period. 
From the 𝑅𝑓𝑎𝑖𝑙 threshold, the failure probability of each pipe 𝑝(𝑒) can be calculated through its risk value 𝑟(𝑒) normalized with 𝑅𝑓𝑎𝑖𝑙
(Equation (4)).

𝑝(𝑒) ∶=
𝑟(𝑒)
𝑅𝑓𝑎𝑖𝑙

(4)

According to most sources consulted, including ABM Consulting, entire pipe sections affected by physical elements failures such 
as tree roots must be replaced. The repair costs depend on multiple factors, such as pipe diameter, material, and terrain. The total 
cost of pipe repair per meter 𝑅 has to include the material, placement, earthmoving works, and eventually affected services (e.g., 
economic losses from a temporary road closure), which will depend on the country of the case study.

59



Heliyon 10 (2024) e23382

7

D. Martínez, S. Bergillos, L. Corominas et al.

Fig. 4. The case study area of Girona, showing tree locations labeled as green points and wastewater network pipes as black lines (QGIS generated). A - Entire city 
area; Scale 1:45000. B - Zoomed area of Domeny neighborhood; Scale 1:2500. C - Zoomed area of Eixample neighborhood; Scale 1:2500. D - Zoomed area of Barri 
Vell neighborhood; Scale 1:2500. E - Zoomed area of Montilivi neighborhood; Scale 1:2500.

The expected cost of a failure repair for each pipe 𝑐(𝑒), 𝑒 ∈  can be estimated through failure probability 𝑝(𝑒) and the concept 
of expected value (i.e., multiplying the total cost of repair per meter 𝑅 by its length and the likelihood pipe failure will occur 𝑝(𝑒)), 
such that (Equation (5)):

𝑐(𝑒) ∶=𝑅 × 𝑙(𝑒) × 𝑝(𝑒) (5)

Finally, the total expected repair cost for the whole wastewater network 𝐶 is simply the summation of the expected repair cost 
of each pipe, such that (Equation (6)):

𝐶 ∶=
∑

𝑐(𝑒), 𝑒 ∈  (6)

2.3. Case study

The usefulness of the methods and algorithms presented in this paper is illustrated in the city of Girona, Catalonia (northeast of 
the Iberian Peninsula, see Figs. 4, 4A, 4B, 4C, 4D, 4E), considering the entire dataset of the city trees as natural factor risk elements. 
Girona, with its 102,666 inhabitants and 47,446 households (2.2 citizens per household), is a typical compact Western Mediterranean 
city [34]. Its urban area extends 12.7 km2 on a rivers’ crossing, has a population density of 8,139 hab/km2, an average slope of 5.1, 
and an altitude range (difference between the minimum and maximum altitudes) of 177 m. Its sewage network consists of more than 
6,000 maintenance holes, resulting in a large network totaling 265 km of pipes. The basic topological characteristics of the network 
layer are 7,946 nodes (𝑉 ); 8,303 edges (𝐸); an average nodal degree of 2.1 (𝐷); a diameter of 11,071 meters (∅); and an average 
shortest path length of 47 meters (𝑑).

On the one hand, the company Cicle de l’Aigua del Ter, which manages the wastewater network of Girona, provided the topolog-
ical data from the city sewer network in geographic information system (GIS) format files, including feature geometry and attributes. 
First, the GIS files needed to be converted to a GraphML file format (i.e., to an XML-based format [29]). The GraphML file format 
is compatible with the Network Robustness Simulator (NRS) [35], used for graph analysis and the execution of the algorithms. The 
final wastewater network graph is in a unique file in GraphML format containing both nodes and edges and their attributes. Next, 
data verification and reconciliation processes are performed based on previous research [27].

On the other hand, the city tree data was obtained from the Girona Open Data portal [36], which includes an extended dataset 
(in CSV format) of 32,881 trees updated in January 2023 with the following attributes: (i) scientific name; (ii) common name in 
Catalan; (iii) trunk size, as perimeter intervals in centimeters (20-50 / 50-80 / 80-120 / +120); (iv) tree pit frame, as size of the 
larger side intervals in centimeters (-40 / 40-90 / +90); (v) x coordinate, in UTM ETRS89 format; and (vi) y coordinate, in UTM 
ETRS89 format. In order to apply the algorithms to this case study, it is necessary to prepare the data of the tree dataset according 
to our methodology, converting the coordinates and estimating tree diameters.

3. Results and discussion

The results are grouped and presented alongside the discussion, and future work is also introduced at the end of each subsection. 
The results presented in this section are the following: (i) tree impact and pipe failure risk analysis based on the ED algorithm 
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Fig. 5. Histogram of tree impacts 𝑖(𝑡), 𝑡 ∈  : Day et al. comparison with Australian Standard (AS) IA methods, with the All Sewer-safe method to contrast (without 
outliers).

Fig. 6. Histogram of pipe risk 𝑟(𝑒), 𝑒 ∈  grouped by the three Impact Area (IA) computation methods (without outliers).

(Algorithm 1) computation; (ii) most impactful tree detection; (iii) pipe risk minimization through the ER algorithm (Algorithm 2); 
(iv) extraction of pipe failure probabilities caused by tree roots and the expected cost of repairs; and (v) the actual economic savings 
(i.e., payback) of the ER algorithm. The results have been obtained using an Ubuntu 22.04 LTS server (CPU AMD Ryzen 5 5600X, 
32 GB RAM). All the computations have been spawned in a Python [37] notebook (Jupyter Hub).

3.1. Tree impact and pipe failure risk analysis

Tree impacts 𝑖(𝑡) have been calculated based on the element-pipe distances obtained from the ED algorithm (Algorithm 1). Fig. 5
illustrates the histogram comparison of tree impacts 𝑖(𝑡) > 0 for Day et al. and Australian Standard (AS) TIA methods. It is worth 
noting that the tree impact data distribution is almost equal for both Day et al. and AS methods (i.e., a median of 0.51), which 
demonstrates that the AS is an excellent approximation, without the need for tree specie data, for the IA computation. In contrast, 
Fig. 5 also shows the tree impact 𝑖(𝑡) results in a hypothetical situation where all city trees were “sewer-safe” with the same trunk 
size and location as the actual ones (i.e., identical tree sizes above the surface with much less tree root areas below). The comparison 
between the Day et al. and AS methods and the All Sewer-safe suggests a significant minimization of pipe failure risk, proving that 
the median of tree impacts would be reduced by 10% if all the city trees were “sewer-safe”. However, more research and other case 
studies are needed to check this tendency.

The histogram of pipe failure risks concerning tree roots 𝑟(𝑒) > 0 is shown in Fig. 6, where the background colors represent the 
qualitative failure risk assessment values (see Table 3). The data distribution follows a similar pattern to tree impacts, with the Day 
et al. method presenting a slightly higher 0.84 median compared to the 0.8 of the AS. As the AS method keeps showing an excellent 
approximation, it has been selected as the IA method for the rest of the results. The All Sewer-safe method reveals a more significant 
reduction in pipe risks data distribution, as low as 0.71, with very little presence of high-risk pipes.
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Table 4

Top 10 of the most impactful trees in Girona (IA method: Australian Standard).

No. Scientific name Trunk per. (cm) Trunk diam. max. (cm) IA A.S. (m) Tree impact 𝑖(𝑡)

1 Celtis australis 80-120 38.20 4.60 4.98
2 Tilia platyphyllos 80-120 38.20 4.59 4.59
3 Magnolia grandiflora 50-80 25.46 3.06 4.35
4 Melia azedarach 80-120 38.20 4.58 4.19
5 Platanus x hispanica >120 50.93 6.11 3.77
6 Celtis australis 80-120 38.20 4.58 3.67
7 Pinus pinea 20-50 15.92 1.91 2.86
8 Celtis australis >120 50.93 6.11 2.86
9 Tilia platyphyllos >120 50.93 6.11 2.78
10 Tilia platyphyllos >120 50.93 6.11 2.77

The potential impact analysis of tree roots on pipes in wastewater networks throughout multi-layer crossing was a gap in the 
current literature. It is worth noting that the pipe failure risk 𝑟(𝑒) is a relevant quantitative measure that will be very useful for 
planning and prioritizing preventive actions on wastewater network pipes.

Future work will be conducted to consider pipe material in the computation of failure risks which, in practice, affects the failure 
hazard rate [19]. In addition, it would be worthwhile to analyze the effect pipe depth has on risk element impacts. Finally, it would 
also be interesting to verify our approach with the actual city failure records, as this is, to the best of our knowledge, the first study 
that quantifies pipe failure risk concerning tree roots at a theoretical level. Our approach does not require sewer fieldwork and 
is based only on the topology of the network and the tree inventory. The obtained data can also be used to improve the existing 
Artificial Intelligence (AI) algorithm predictions.

3.2. Most impactful tree detection

Table 4 shows the top 10 most impactful trees considering the Australian Standard IA method, illustrating that a small percentage 
of trees cause the most impact on pipes due to the large number of upper-bound outliers on the data (as shown in Fig. 5) and the 
significant 44% decrease in the values between the first and the tenth-placed tree. The most impactful trees are expected to be large 
or in a critical location where many pipes are present (e.g., street crossroads), or both. The majority of the most impactful trees have 
large IAs, except for number seven, the Pinus pinea. A manual check on the location of this tree revealed that it is placed in a critical 
spot, on a roundabout with a union of seven pipes. It is also worth noting that the most present species in the top 10 are the Celtis 
australis and the Tilia platyphyllos, which are not considered “sewer-safe” and are well-known for their relatively extensive root 
systems.

Fig. 7 visualizes the central part of the wastewater network of Girona represented with plane coordinates, with the color of each 
pipe representing the risk category and the black dots representing each location of the top 10 most impactful trees. The algorithms 
generate high-quality PDF maps as well as interactive HTML maps (available on the dedicated public repository [38]), both generated 
automatically, clearly helping to identify critical pipe risk areas and tree locations. As can be seen in the figure, the location of the 
most impactful trees matches, in most of the cases, where pipe failure risks are high or moderate, showing in a visual way that these 
trees are significantly affecting the pipe failure risks.

The most impactful trees and the pipe failure risk map are extremely useful reports for city councils and wastewater network 
managers, providing an excellent first image of the current scenario. They can be generated easily and without the necessity for addi-
tional resources, lots of data, or fieldwork in sewers, in contrast with the existing literature [17,18]. After this preliminary assessment, 
decision-makers may require the application of additional methods to minimize the risks, such as localized CCTV inspections in the 
most critical areas.

In line with the advances in smart cities, future research may develop intelligent tree-planting approaches to indicate in which 
city zones trees can be planted without being a risk to the wastewater network. In any case, a prioritized list of the most impactful 
trees concerning wastewater pipes is highly useful information for cities to plan future proceedings.

3.3. Element Rearrangement (ER): pipe risk reduction algorithm

The Element Rearrangement (ER) algorithm is expected to decrease the pipe risk significantly by rearranging a portion of the most 
impactful trees obtained from the previous analysis. Fig. 8 proves this statement showing the Element Rearrangement (ER) algorithm 
risk reduction considering the Australian Standard TPZ method with tree replacement enabled from 0 to 13% of the dataset trees (i.e., 
within the percentages that present a clear improvement). The replacement approach considers planting a “sewer-safe” alternative 
tree in the same spot as the original one, with an assumed trunk perimeter of 50 cm (i.e., the upper value of the smallest trunk 
perimeter interval of the case-study dataset). With a rearrangement of only 4% of the dataset trees, the number of high-risk pipes 
is reduced drastically by 75%, and medium-risk ones by 30%. Moreover, the number of medium-risk pipes is reduced significantly 
by 77% with a ER of 8%. Finally, the number of low-risk pipes is also reduced sharply by 79% with a ER of 13%. With a small 
percentage of rearranged trees, the pipe failure risk can be lowered substantially, especially for high-risk pipes.

62



Heliyon 10 (2024) e23382

10

D. Martínez, S. Bergillos, L. Corominas et al.

Fig. 7. Pipe risk and top 10 most impactful trees (black dots) in part of the wastewater network of Girona.

Fig. 8. Element Rearrangement (ER) algorithm pipe failure risk minimization grouped by risk categories (Girona tree dataset as a risk element, Australian Standard 
method, with replant enabled).

Fig. 9 shows the aggregated pipe failure risk 𝑟(𝑒) of the previously categorized risks through the application of the ER algorithm 
(Australian Standard method, with replant enabled). The risk median is reduced steadily by 33% (4% ER), 62% (8% ER), and 82% 
(12% ER) from the original tree dataset. For higher ER percentages, the reduction of pipe failure risks tends to stabilize.

The ER algorithm results show a clear benefit of the rearrangement of the city’s most impactful trees in terms of pipe failure risks, 
thus preventing environmental and public health hazards by avoiding wastewater leakages caused by tree roots.

For future research, it would be interesting to consider an automatic feature in the algorithms that would detect if a replanted 
“sewer-safe” tree does not reduce the risk significantly compared to the high-risk tree it replaced. In this case, a warning should 
appear along with a recommendation not to plant a tree in that location.

3.4. Pipe failure probabilities and expected cost of repairs

The probabilities of pipe failures caused by tree roots have been calculated for the case study for both the original tree dataset 
and the rearranged tree scenarios. Based on the proposal of the pipe risk qualitative assessment shown in Table 3, a value of 𝑅𝑓𝑎𝑖𝑙 = 5
has been proposed and introduced in the case study. This decision was taken considering that the risk value of 𝑟(𝑒) > 3 is high and 
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Fig. 9. Aggregated pipe failure risk minimization (Element Rearrangement (ER) algorithm, Australian Standard method, with replant enabled, without outliers).

Table 5

Expected cost of pipe repairs, costs of the Element Rearrangement (ER), and payback from 1 to 13 % of ER.

ER (%) ECoR (e ) CoER (e ) P (e )

0 5.14 m – – – –
1 4.46 m 336k 346k
2 4.03 m 671k 439k
3 3.39 m 1.01 m 742k
4 2.78 m 1.34 m 1.01 m
5 2.29 m 1.68 m 1.17 m
6 1.84 m 2.01 m 1.29 m

ER (%) ECoR (e ) CoER (e ) P (e )

7 1.46 m 2.35 m 1.33 m
8 1.15 m 2.68 m 1.31 m
9 878k 3.02 m 1.24 m
10 680k 3.35 m 1.10 m
11 537k 3.69 m 910k
12 465k 4.02 m 646k
13 446k 4.36 m 330k

ER (%) – percentage of Element Rearrangement (ER), ECoR (e ) – expected cost of repairs, CoER (e ) – cost of ER, P (e ) – payback (i.e., economic savings 
of ER).

the interval of the medium risk qualitative category is two units (i.e., from 1 to 3). Therefore, a risk of 𝑟(𝑒) >= 5 may be considered 
extreme and is only present in a few data outliers in this case study. An 𝑅𝑓𝑎𝑖𝑙 of the maximum value of 𝑟(𝑒), 𝑒 ∈  is a poor approach 
as a few extreme data outliers 𝑟(𝑒) > 10 would significantly affect the whole sample and consider extremely low probabilities on low-
and medium-risk pipes.

The expected cost of the pipe failure repairs caused by tree roots has been calculated based on the original scenario, and the cost 
of pipe repairs of e 230 per meter (𝑅 = 230). According to ABM Consulting, this estimation is valid in Spanish case studies when 
considering the material to be new 300 mm diameter PVC pipes. The expected cost resulted in about e 5.14 m, which is reasonable 
as the repair works are considered during the entire operating lifetime of the pipes (approx. 30 years), as mentioned in the methods 
section.

3.5. Economic savings of the Element Rearrangement (ER) algorithm

The actual economic savings of the Element Rearrangement (ER) approach with tree replant enabled are calculated based on the 
expected reduction in repair costs from the original scenario combined with an estimation of the ER costs (i.e., payback based on 
the savings from avoiding pipe failures caused by tree roots during the operational period of the pipes). An ER cost of e 1,020 is 
estimated for each tree in Spain based on the following quotes from several local companies: (i) e 350 for big tree removals; (ii) 
e 200 to deposit 5 tonnes wood; (iii) e 110 for two-hour rental of a dump truck with loading crane; (iv) e 340 for removing the tree 
stump; and (v) e 20 for the cost of a new tree. Table 5 summarizes the expected cost of pipe repairs, costs of the ER, and payback 
from 1 to 13% of ER. The payback increases within the first 7% of ER up to e 1.33 m, although it starts decreasing from 8 to 13% of 
ER as shown in Fig. 10. After this point, the ER costs start to cause economic losses.

The line chart in Fig. 10 visually illustrates the economic savings presented in Table 5. The dashed black line represents the 
expected costs without rearrangement (i.e., 0% ER), contrasted with the red line representing the expected costs of pipe repairs 
and ER. The expected cost of pipe repairs and ER red line forms a quadratic function shaping a parabola with the vertex being 
the maximum payback of e 1.33 m for 7% of ER. Despite the initial investment required, the ER algorithm not only prevents 
environmental and public health hazards by avoiding wastewater leakages caused by tree roots, but also demonstrates a significant 
economic payback during the pipes’ operation lifetime. In the cases where it is prioritized the minimization of pipe risks instead of 
the maximization of the economic payback, an ER of 14% should be considered.
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Fig. 10. Economic savings of the Element Rearrangement (ER) approach.

It would be interesting to extend these results with more case studies once more cities provide open data with detailed information 
about tree localization and trunk sizes. Fortunately, cities trend to issue increasingly more open data [39] as novel cost-effective 
methods are emerging to establish city-wide tree inventories [40].

3.6. Final thoughts

It is worth noting that the approach in this paper provides innovative methods that can be applied to any city in the world, as 
the only information needed is wastewater network and risk element data, including their location. The methodology and algorithms 
can be extrapolated to other water and underground (e.g., telecommunication or electricity) networks. Furthermore, the Impact 
Area (IA) concept can be applied to not only trees but also any other risk elements, such as street works or building constructions, 
in order to quantify their impacts and help create secure wastewater and other underground networks. All algorithm definitions, 
implementations, and output indicator results for the case study, including numerical, on-map, and graphical data visualizations, are 
available from a dedicated public repository [38].

The algorithms and methods described in this paper provide a simple and cost-effective approach to diagnose the impact of 
external elements (e.g., natural factors and human activities) on wastewater networks. Our approach uses the Impact Areas, but 
not actual impact volumes. We believe, that using Impact Areas makes it simple to understand by decision makers. Adding impact 
volumes implies adding sources of uncertainty, as limited knowledge exists on the volumes of tree roots of different ages and species. 
Future work will be dedicated to enhance the algorithm by including impact volumes.

4. Conclusions

This paper demonstrates that it is possible to perform an automatic diagnosis of potential impacts of tree roots on wastewater 
pipes, and to propose cost-effective rearrangement options. The Element Rearrangement (ER) algorithm not only prevents environ-
mental and public health hazards, but also obtains a positive economic payback during the operational period of the pipes within 
the optimal rearrangement percentages. The proposed novel algorithms could also be applied to other natural and human factors. 
Furthermore, pipe failure probabilities are calculated and used to estimate the expected cost of pipe repairs during their operational 
period.

For the case study of Girona, the Australian Standard Tree Protection Zone (TPZ) method is the most practical approach to 
calculate the Impact Areas (IA) of the city trees, showing a tree impact median of 0.51 and pipe risk median of 0.84. The top 10 
most impactful trees cause the majority of pipe damage, given the significant difference (44%) within the values for the first and 
tenth-placed trees. The Element Rearrangement (ER) algorithm reduced the pipe failure risk median considerably (from 0.8 to 0.14) 
with a small percentage of ER (from 1 to 12% of the trees). Based on the computed pipe failure probabilities, the expected cost of the 
pipe repairs caused by tree roots is about e 5.14 m during the operational period, which is reduced to almost half (e 2.78 m) with 
only a 4% ER. Finally, the economic savings of the ER algorithm show a payback of up to e 1.33 m for a 7% rearrangement despite 
the required initial inversion.

This study illustrates a cost-effective approach for evaluating the influence of external factors on wastewater networks and pipe 
failure risks, all without the need for fieldwork in sewers. Despite some limitations, the method’s utility lies in its global applicability 
using existing data in municipalities. It serves as a valuable preliminary study for prioritizing preventive measures and providing a 
detailed initial assessment, making it particularly useful for city councils and wastewater network managers.

65



Heliyon 10 (2024) e23382

13

D. Martínez, S. Bergillos, L. Corominas et al.

Ethics statement

Review and/or approval by an ethics committee and informed consent were not needed for this study because it solely relies 
on publicly available data from open and unrestricted sources. The data used in this research contains no personally identifiable 
information and does not involve human participants or patients. Therefore, all aspects of this study adhere to ethical standards 
pertaining to the use of publicly accessible data without requiring formal ethical review or informed consent.

CRediT authorship contribution statement

David Martínez: Writing – review & editing, Writing – original draft, Visualization, Validation, Supervision, Software, Project 
administration, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. Sergi Bergillos: Writing – review & 
editing, Visualization, Methodology, Formal analysis, Data curation, Conceptualization. Lluís Corominas: Writing – review & editing, 
Visualization, Resources. Marc Comas-Cufí: Supervision, Conceptualization. Eusebi Calle: Writing – review & editing, Visualization, 
Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

The data, algorithms, and code implementations that support the findings of this study are openly available in “Mitigating 
Wastewater Leakages for Enhanced Network Protection: Risk Assessment and Practical Solutions.” at https://doi .org /10 .5281 /
zenodo .7704666, reference [38].

Acknowledgements

Universitat de Girona researchers thank the Generalitat de Catalunya for their support through Consolidated Research Group 
(2021 SGR 01125). ICRA researchers acknowledge the support from the Economy and Knowledge Department of the Catalan Gov-
ernment through a Consolidated Research Group (ICRA-TECH - 2021 SGR 01283). David Martínez thanks the Universitat de Girona 
for his FI fellowship (IFUdG 46 2022). Sergi Bergillos thanks the Departament de Recerca i Universitats de la Generalitat de Catalunya 
and the European Social Fund for his FI fellowship (2023 FI-1 00751). Marc Comas-Cufí holds the Serra Húnter Fellow. The authors 
would like to thank ABM Consulting for providing support regarding the pipe repair economic data, Cicle de l’Aigua del Ter for 
providing the wastewater network, and the Girona city council for providing the detailed tree dataset on its Open Data portal. We 
acknowledge Lide Jaurrieta for her contribution to the QGIS maps.

References

[1] E. Calle, D. Martínez, G. Buttiglieri, L. Corominas, M. Farreras, J. Saló-Grau, P. Vilà, J. Pueyo-Ros, J. Comas, Optimal design of water reuse networks in cities 
through decision support tool development and testing, npj Clean Water 6 (1) (2023) 23.

[2] J. Rice, A. Wutich, D.D. White, P. Westerhoff, Comparing actual de facto wastewater reuse and its public acceptability: a three city case study, Sustain. Cities 
Soc. 27 (2016) 467–474.

[3] E. Luiijf, M. Klaver, Analysis and lessons identified on critical infrastructures and dependencies from an empirical data set, Int. J. CIP 35 (2021) 100471.
[4] L.J. Van Leuven, Water/wastewater infrastructure security: threats and vulnerabilities, in: Handbook of Water and Wastewater Systems Protection, 2011, 

pp. 27–46.
[5] B. Salman, O. Salem, Risk assessment of wastewater collection lines using failure models and criticality ratings, J. Pipeline Syst. Eng. Pract. 3 (3) (2012) 68–76.
[6] T. Laakso, S. Ahopelto, T. Lampola, T. Kokkonen, R. Vahala, Estimating water and wastewater pipe failure consequences and the most detrimental failure modes, 

Water Sci. Technol.: Water Supply 18 (3) (2018) 901–909.
[7] A. Nazemi, K. Madani, Urban water security: emerging discussion and remaining challenges, Sustain. Cities Soc. 41 (2018) 925–928.
[8] S. Christodoulou, A. Agathokleous, B. Charalambous, A. Adamou, Proactive risk-based integrity assessment of water distribution networks, Water Resour. Manag. 

24 (13) (2010) 3715–3730.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Novel algorithms for enhancing the 
resilience of water distribution networks 

• Design of resilient and cost-effective 
networks in limited budget scenarios 

• The Water Availability (WA) provides a 
comprehensive measure to evaluate 
resilience. 

• Prioritizing resilience in network design 
demonstrated substantial long-term 
benefits.  
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A B S T R A C T   

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 al-
gorithms, 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 dis-
crepancies in resilience evaluation methods. Practical benefits 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 remarkably 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 findings underscore the 
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enormous advantages of a resilience-focused network design approach. When compared to the equivalent non- 
resilient design, the resilient-by-design network generated effectively safeguards up to a significant 91,700 m3 

of water from the impacts of water disruption events over a 50-year operational period. In addition, the resilient- 
by-design WDN solution incurs a subtle decrease in overall costs compared to consuming tap water from the 
drinking WDN baseline over a 50-year operational period. These findings highlight the cost-effectiveness of the 
approach, even offering financial benefits. 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 
WDNs. Ultimately, we contribute to the enhancement of water resource management and infrastructure planning 
in ever-evolving urban environments.   

1. Introduction 

Water Distribution Networks (WDNs) are critical infrastructures of 
modern urban life, ensuring the seamless flow of safe water from res-
ervoirs to homes. It is paramount for households and essential industries 
and public services to have a consistent water supply, particularly within 
the context of drinking water networks that safeguard public health and 
support societal functions (Liu and Song, 2020). However, in light of 
growing challenges such as water scarcity and climate change, it has 
become imperative to also plan reclaimed water networks for non- 
drinking purposes (Kristensen et al., 2018). Regions around the world, 
especially those most susceptible to water scarcity crises, must develop 
and prioritize their reclaimed water networks as critical infrastructures 
(Domènech and Saurí, 2010; Vallès-Casas et al., 2016). Only by effec-
tively ensuring the resilience of these WDNs (both drinking and 
reclaimed water) can we ensure the proper long-term functioning of 
these vital systems that play such a pivotal role in sustaining urban life. 

The repercussions of WDN failures have broader implications 
involving both economic and environmental consequences. In the 
absence of proactive measures aimed at enhancing resilient network 
designs, the likelihood of such failures increases significantly, ampli-
fying the potential for devastating outcomes. These may include 
compromising public health, disrupting essential services, and incurring 
substantial economic costs (Ahmad et al., 2023). 

The debate over the definition of resilience is a recurring aspect in 
this field (Soldi et al., 2015; Piratla et al., 2016; Herrera et al., 2016). In 
this paper, we adhere to the definition of resilience as ‘the capacity of a 
system to withstand stress and recover from failures’ (Soldi et al., 2015; 
Piratla et al., 2016; Herrera et al., 2016), thus forming the foundational 
concept with which to address this challenge. Resilience defies a single 
performance indicator, instead it comprises multiple dimensions, 
including structural robustness and adaptive recovery considerations 
influenced by factors such as network topology, failure rates, recovery 
rates, and severity (Meng et al., 2018; Lindhe et al., 2009). This inter-
disciplinary issue offers a range of approaches that consider different 
hazard categories, methodologies, and enhanced measures. 

In the literature, diverse metrics and approaches have been explored 
to evaluate the resilience of WDNs (Christodoulou et al., 2017; Cimel-
laro et al., 2016; Zhao et al., 2015). While some works offer insights into 
minimizing network disruptions during large-scale cascade failures such 
as natural disasters (McAllister, 2015; Chang and Shinozuka, 2004), 
they focus predominantly on evaluating resilience rather than providing 
preventive design solutions. In particular, Cimellaro et al. (2016) 
introduced a Resilience Index (R) for WDNs which focuses on parame-
ters like the number of users temporarily without water, water tank 
levels, and water quality. Similarly, other studies have explored resil-
ience evaluation measures like the Resilience Index (RI) and Network 
Resilience Index (NRI) (Baños et al., 2011; Todini, 2000; Tumula and 
Park, 2004). It is important to note that while both R and RI are named 
equally, they represent distinct measures. RI, for instance, aims to assess 
network resilience by ensuring demand satisfaction. However, these 
metrics frequently rely on operational data which is rarely available 
during the initial design stages. Furthermore, while RI and NRI excel at 
over-demand resilience analysis, they do not consider other crucial 

causes of such as failures and fail to provide specific design improve-
ment measures to enhance network resilience. 

This discrepancy highlights the need for a more comprehensive 
approach. Recent research by Taiwo et al. (2023) systematically 
analyzed the causes leading to network failures, categorizing them into 
three main categories: pipe-related, environment-related, and 
operation-related (Zhang et al., 2009), identifying a total of 33 distinct 
causes, and also providing a detailed table of relative weights of the 
causes of water pipe failure. These causes encompass a wide spectrum of 
elements, such as pipe age or diameter, some of which have not received 
attention in previous metrics. 

While assessing the resilience of a network is crucial, it is equally 
important that the proposed designs conform to hydraulic feasibility 
constraints, an aspect that has received less attention in prior works 
(Yazdani et al., 2011; Herrera et al., 2016). In this regard, the EPANET 
software plays a pivotal role (Rossman et al., 2000), offering hydraulic 
simulation capabilities with which to assess the validity and perfor-
mance of Water Distribution Networks (WDNs). Recent advances in the 
field have introduced the Water Network Tool for Resilience (WNTR), an 
EPANET-compatible Python package designed to simulate and analyze 
the resilience of WDNs (Klise et al., 2017b, 2018). While WNTR provides 
valuable insights into resilience analysis, it primarily focuses on evalu-
ating resilience rather than offering concrete design improvement 
measures (Klise et al., 2017a). 

The sole work offering resilience improvements through design and 
hydraulically validated for cost-effectiveness is, to the best of our 
knowledge, presented in Todini (2000). However, it has several limita-
tions that warrant consideration. First, their study focuses on designing 
networks from scratch, i.e., neglecting the potential for enhancing 
existing systems. Moreover, its data and algorithms are outdated and 
inaccessible to the public. Additionally, the approach lacks automation, 
relying on an initial set of fixed diameters determined by the designer’s 
experience. The study itself acknowledges the need for further investi-
gation and development to create efficient and easy-to use tools. 

Although there is an extensive body of literature on this topic, it is 
evident that this specific field of study lacks comprehensive improve-
ment measures or strategies that would ensure resilience by design. 
Given this context, automating the process of water distribution network 
design through mathematical algorithms becomes feasible to provide 
both resilient and cost-effective networks. The contributions of this 
paper are the following:  

1. Water Availability (WA): A novel metric is introduced, the Water 
Availability (WA), which serves as a comprehensive measure for 
assessing the resilience of water distribution networks. This metric is 
based on the concept of Network Availability (NA), which is 
commonly employed in the placement of controllers within tele-
communication networks (Lu et al., 2019; Hu et al., 2014; Gaur et al., 
2021; Rosenthal, 1977). NA is defined as the probability that all 
nodes can reach at least one controller with an operational proba-
bility of each link, which can be estimated using Monte Carlo sim-
ulations or computed precisely via a brute force algorithm. In cases 
where a single controller is present in the network, NA aligns with 
all-terminal reliability which is the probability that the network is 
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connected. To compute the exact value of all-terminal reliability, the 
path decomposition algorithm is recommended, particularly for 
medium-sized networks, due to its lower computational complexity 
compared to the brute force approach (Carlier and Lucet, 1996).  

2. Mathematical Algorithms for Resilient Networks Design and 
Improvement: Not only cutting-edge mathematical algorithms are 
introduced for designing water distribution networks from scratch, 
but also several strategies are offered to enhance existing networks 
within limited budget constraints, which will provide resilient and 
cost-effective networks.  

3. Hydraulic Feasibility with EPANET: An innovative and interactive 
process that integrates the developed algorithms with EPANET 
software (U.S. EPA, 2000) ensures that the generated network de-
signs not only prioritize cost-effective resilience, but also adhere to 
hydraulic feasibility constraints. Something that is hardly found in 
the reviewed literature. 

The algorithms presented in this paper are based on applying graph 
theory (Kesavan and Chandrashekar, 1972) coupled with hydraulic 
validations to design the water distribution networks. Several previous 
works have used graph theory in water networks: Ahmadullah and 
Dongshik (2016) for designing drinking water networks; Calle et al. 
(2021) for wastewater sensor placement approaches concerning SARS- 
CoV-2 detection; and Meng et al. (2018) for proposing a comprehen-
sive analytical framework for examining the resilience pattern of water 
distribution systems against topological characteristics (i.e., the corre-
lations between resilience and topological features). The use of EPANET 
for hydraulic validations is also present in several previous studies (Soldi 
et al., 2015; Klise et al., 2017b; Todini, 2000). 

2. Materials and methods 

2.1. Generation of the initial graph 

The REWATnet tool automates the generation of the initial graph, 
illustrating the paths of city streets for potential reclaimed water 
network designs. It achieves this by collecting data from diverse open 
sources. Subsequently, additional algorithms are then employed to 
develop resilient network designs based on this initial representation 
(Calle et al., 2023). The process of generating the initial graph involves 5 
steps (see Table 1):  

1. City Street Graph Acquisition: REWATnet utilizes OpenStreetMap to 
obtain the city street graph based on the city’s name and source point 
(i.e., initial tank) coordinates. City’s topography Digital Elevation 

Model (DEM) is gathered for node elevation required for hydraulic 
validations.  

2. Land Plot and Building Data Retrieval: Cadastral data files are used 
to gather land plot and building data for the identification of water 
consumption destinations. Overpass API and Shapely library locate 
and determine the surface area of public gardens.  

3. Construction Cost Retrieval: REWATnet utilizes its open database to 
provide available PE100 (HDPE) pipe diameters and associated costs 
for materials, labor, valves, and water tanks. 

4. Water Use Consideration: A list of water uses is essential for esti-
mating water demand. The full list of water uses considered for 
reclaimed water networks is available in Calle et al. (2023).  

5. Graph Generation: REWATnet automatically generates the initial 
graph in standardized graphml format by processing land plot and 
building data and estimating their water demands. The estimated 
water demand for each land plot is then linked to the nearest node in 
the city street graph. 

2.2. Resilience metrics and optimization algorithms 

In brief, G = (V ,ℰ) represents the solution of a resilient water 
network graph resulting from the computation of the algorithms, with a 
V-element set of nodes V representing the set of destination (water 
consumption) nodes, the water source node, and junction points, and an 
E-element set of links ℰ⊂V |2| representing pipes. Additionally, r (where 
r ∈ V ) denotes the source node (i.e., the initial water tank), and C 

(where C ⊆ V ) denotes a C-element set of consumption nodes. Table 2 
specifies the full notation used for the algorithms. 

2.2.1. Water Availability (WA) 
While the concept of Network Availability (NA) has traditionally 

found its application in telecommunication networks, it seamlessly ex-
tends to serve as an ideal approach for assessing resilience in water 
distribution networks. In the context of water distribution networks, we 
introduce Water Availability “WA(G ,P , r)” as the probability that the 
initial water tank r can effectively supply water to all the destination 
nodes V within the network G while considering variable pipe failure 
probabilities for each pipe in the network p(e) ∈ P ,∀e ∈ ℰ. 

As a reference point for the pipe failure probabilities p(e), we utilize a 
well-established criterion of a maximum of 0.4 failures per kilometer per 
year (MIMAM, 2000). This criterion, coupled with the average duration 
of a failure, known as the Mean Time To Repair (MTTR) measured in 
hours, is used in deriving the unavailability per pipe kilometer denoted 
as q. This q value represents the probability of pipe failures per kilometer 

Table 1 
Initial graph generation process.  

Step Data source Description References  

1 OpenStreetMap API, 
IGN Digital Elevation 
Model (DEM) 

Obtain city street graph 
and node elevations. 

Bennett (2010);  
Boeing (2017);  
Instituto Geográfico 
Nacional (2023)  

2 Cadastral data, 
Overpass API, 
Shapely 

Gather land plot, 
building, and public 
garden data. 

Pezoa et al. (2016);  
Olbricht et al. (2011);  
Gillies et al. (2007)  

3 REWATnet database Retrieve available pipe 
diameters and 
construction costs. 

Christodoulou and 
Agathokleous (2012)  

4 Water use list Consider water uses for 
estimating water 
demand. 

Calle et al. (2023)  

5 REWATnet tool Generate initial graph 
by processing land plot 
and building data and 
estimating their water 
demands. 

Calle et al. (2023);  
GraphML (2001)  

Table 2 
Full notation concerning the algorithms.  

r, r ∈ V Reclaimed water source node 
C Set of water distribution consumption nodes; C ⊆ V 

D Set of available pipe diameters, in ascending order (each one in mm) 
smax Float constant indicating the maximum desired water flow speed (in 

m/s, 1 by default) 
smin Float constant indicating the minimum desired water flow speed (in 

m/s, 0.6 by default) 
pr(c),c ∈ C Float indicating the water pressure of destination node c (in m) 
t(c), c ∈ C Float indicating the water travel time from the origin r to the 

destination node c (in minutes) 
m(c), c ∈ C Integer indicating the consumption of destination node c (volume, in 

m3) 
ℰ(a, c), c ∈

C 

Set of edges forming the shortest path from the source node a to the 
destination node c; ℰ(a, c) ⊆ ℰ 

l(e),e ∈ ℰ Float indicating the length of the pipe link e (in m) 
w(e), e ∈ ℰ Float indicating the water flow of the pipe link e (in m3/s) 
s(e),e ∈ ℰ Float indicating the water speed of the pipe link e (in m/s) 
v(e), e ∈ ℰ Integer indicating the valve diameter for pipe link e (in mm); 0 by 

default (i.e., no valve installed on link e) 
d(e), e ∈ ℰ Integer indicating the assigned diameter of the pipe link e; d(e) ∈ D 

(in mm)  
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within the network, as delineated in Eq. (1). The choice of MTTR is 
crucial and may vary depending on the scenario and the criticality of the 
network. For drinking water networks, a recommended MTTR value is 
19 h (Darvini et al., 2020). Conversely, for reclaimed water networks 
primarily used for non-critical purposes such as public garden irrigation, 
a higher MTTR may be considered. Considering the criticality of 
reclaimed water networks for toilet flushing, we recommend a default 
MTTR of 24 h, easily modifiable as an input in the algorithms to 
accommodate different case-study scenarios. Assuming an MTTR of 24 
h, which means the average down time per kilometer of pipe is 9.6 h per 
year, yields an approximate q value of 0.0011. 

q =
0.4 × MTTR
(24 × 365)

(1) 

Then, the estimation for each pipe unavailability can be written as 
Eq. (2), where u(e) denotes the unavailability of pipe e with its length 
l(e) transformed to kilometers. This formula is common practice in 
telecommunication (Mezhoudi and Chu, 2006), with values between 
0 and 1, increasing as a function of the pipe length. The expression u(e)
goes to 1 if l(e) goes to infinity, and for a l(e) = 1000, we retrieve u(e) =

q. 

u(e) = 1 − (1 − q)l(e)/1000 (2) 

While u(e) serves as a valuable reference point for evaluating the 
overall likelihood of each pipe failure, assuming an average repair time 
of 24 h (i.e., the average duration of the failure), it does not fully capture 
the individual variability of each pipe. This is because each pipe has its 
own unique set of related features contributing to its failure. In water 
distribution networks, pipe failures can be attributed to three primary 
causes, each with its own distinct probability of incidence (Taiwo et al., 
2023): (i) pipe-related (probability wpr: 0.396), (ii) environmental- 
related (probability wer: 0.413), and (iii) operational-related (probabil-
ity wor: 0.191). As we are approaching resilience from a network design 
perspective, only pipe-related attributes can be directly quantified, 
including pipe diameter (d) with a probability of wd at 0.122; age (a) 
with a probability of wa at 0.105; material composition (m) with a 
probability of wm at 0.076; pipe length (l) with a probability of wl at 
0.066; and wall thickness (t) with a probability of wt at 0.027. The sum of 
all the pipe-related attribute probabilities is equal to wpr = 0.396. 

Thus, it becomes feasible to adapt and normalize the probability of 
pipe-related failure causes wpr for each individual pipe wṕr(e) through a 
table of normalized attributes (see Table 3). This table maps potential 
attribute values (within specified ranges) to their corresponding 
normalized values, falling from 0 to 1. In this normalized range, a value 
of 0 indicates the lowest severity, while a value of 1 represents the 
highest severity. Subsequently, the established probability of pipe- 
related failure causes wpr is adapted for each pipe individually in 
wṕr(e), which is the weighted sum of these normalized attributes, as 
defined in Eq. (3). As the pipe unavailability u(e) is calculated based on 
an established maximum number of failures, the adapted wṕr(e) results 
in a value between 0 and 0.396 (i.e., from lowest to highest-vulnerable 
pipe-related attributes), where a value of wṕr(e) = 0.396 would repre-
sent a pipe e with the most vulnerable pipe-related features according to 
the table of normalized attributes (i.e., all the normalized values of pipe- 
related attributes are 1, therefore wṕr(e) = wpr). Importantly, it should 
be noted that the pipe unavailability u(e) already incorporates the length 
of each individual pipe; therefore, the length is set as l = 1 in the 
equation. 

wʹ
pr = (d×wd)+ (a×wa)+ (m×wm)+ (l×wl)+ (t×wt) (3) 

Given this context, the failure probabilities p(e) for each pipe e ∈ ℰ 
are calculated by multiplying the reference point of the overall likeli-
hood of each pipe failure, u(e), by the sum of the failure weights wʹ

pr(e), 
wer, and wor (see Eq. (4)). 

p(e) = u(e)×
(

wʹ
pr(e)+wer +wor

)
(4) 

The annual volume of water affected by the pipe failures is also a 
crucial metric for assessing resilience. Initially, the volume of Average 
Unserved Water per service Disruption event (AUW/D) is computed by 
examining Water Availability (WA) during the Monte Carlo realizations. 
AUW/D represents the average volume of unserved water in each Monte 
Carlo realization that results in a water service disruption. Next, utiliz-
ing the computed WA value, a Mean Time To Repair (MTTR), and the 
Mean Time Between Disruptions (MTBD), the number of Average Dis-
ruptions per Year (AD/Y) is calculated, as demonstrated in Eq. (5), 
where the Mean Time To Repair (MTTR) is 0.002739726 (1 day con-
verted to years). Finally, the volume of Average Unserved Water per 
Year (AUW/Y) is determined by multiplying AD/Y by AUW/D, as 
illustrated in Eq. (6). This comprehensive measure provides valuable 
insights into the impact of disruptions on the annual water supply. 

AD
/
Y =

1
MTBD + MTTR

;where MTBD =
− WA × MTTR

WA − 1
(5)  

AUW/Y = AD/Y×AUW/D (6) 

It is important to highlight that the formulation presented in Eq. (5) 
draws inspiration from a standard telecommunication Availability (A) 
formula, which is typically expressed as a function of the Mean Time to 
Repair (MTTR) and the Mean Time Between Failures (MTBF), as detailed 
in Calle (2004). In the context of this paper, this formula has been 
adapted to suit the specific needs of water networks. Here, the MTBF 
corresponds to what it is referred to as the Mean Time Between Dis-
ruptions (MTBD), as the calculations focus on service disruptions when 
computing Water Availability (WA). 

2.2.2. Hydraulic-feasible diameter selection 
To create resilient water networks, an algorithm is needed to effi-

ciently select the optimal diameter for each pipe while simultaneously 
ensuring the hydraulic feasibility of the design. The Hydraulic-Feasible 
Diameter Selection (HFDS) algorithm (Algorithm 1) aims to initially 
predict water flows within pipes, considering destination demands and 
the pipe network design. Subsequently, it determines the optimal pipe 
diameters from a predefined set of available options (Calle et al., 2023), 
ensuring a suitable water speed according to the predicted flows. 

Table 3 
Proposed table of normalized attributes for pipe-related failure causes.  

Attribute Value intervals Normalized value 

Pipe diameter (d) 0 to 90 mm  0 
90 mm to 250 mm  0.33 
250 mm to 560 mm  0.67 
More than 560 mm  1 

Reference: Wilson et al. (2017)  

Age (a) 0 to 33 years  0 
33 to 67 years  0.33 
67 to 100 years  0.67 
More than 100 years  1 

Reference: Zangenehmadar et al. (2020)  

Material (m) HDPE (PE 100)  0 
MDPE (black)  0.33 
MDPE (blue), GI, LDPE (black), AC  0.67 
UPVC, DI  1 

Reference: Christodoulou and Agathokleous (2012)  

Wall thickness (t) More than 33.2 mm  0 
14.8 to 33.2 mm  0.33 
3.8 to 14.8 mm  0.67 
0 to 3.8 mm  1 

Reference: Wilson et al. (2017)  
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The first phase of predicting water flows w(e), e ∈ ℰ starts with the 
assumption that all water pipes in the network have similar speeds. As a 
result, the water flows from the initial tank to the farthest node while 
traversing the network and passing through nodes based on their 
respective distances. In accordance with this premise, the Breadth-First 
Search (BFS) exploration graph theory algorithm generates an ordered 
list of water destinations reflecting the sequence of the water’s journey 
and the directional flow within the pipelines, with minor adjustments to 
prioritize same-level neighbor water destinations based on increasing 
pipe distances. Afterwards, the HFDS algorithm traverses this list in 
reverse order. For each evaluated water destination, it predicts the flow 
within its connected pipes based on the accumulated demand and the 
various sources from which water comes. 

The second phase in determining pipe diameters involves iterating 
through each water pipe e, e ∈ ℰ from the list of available pipe diameters 
d ∈ D , arranged in ascending order, until an appropriate flow speed s(e)
is achieved based on the predicted pipe flow w(e). The algorithm defines 
an acceptable speed range, denoted as smin ≤ s ≤ smax, typically falling 
between 0.6 and 1 m/s (Simpson and Elhay, 2008; MIMAM, 2000). 
Speeds lower than 0.6 m/s may lead to pipe sediment accumulation 
issues, while speeds higher than 1 m/s can cause vibrations. Impor-
tantly, this range remains consistent across various water qualities, 
making it applicable to both reclaimed and drinking water networks. 
When the algorithm identifies an evaluated diameter d resulting in an 
excessively low speed s < smin, it selects the previous, smaller diameter, 
provided the prior velocity sp is below the maximum threshold sp ≤ smax. 
Otherwise, although the current diameter results in a low speed, it is 
chosen. It is crucial to avoid selecting diameters that result in speeds 
exceeding the maximum limit s > smax, as this can lead to pipe failures 
due to factors such as vibration (Rezaei et al., 2015). 

Algorithm 1. Hydraulic-feasible diameter selection (HFDS). 

The HFDS algorithm is integrated into an interactive process with the 
EPANET software to perform hydraulic validation on the generated 
network designs, called Hydraulic Refinement Relay (HRR). For each 
design requiring hydraulic validation, the HFDS algorithm is initially 
executed to predict water flows and determine appropriate pipe di-
ameters. Subsequently, the network design is automatically converted 
into an EPANET-compatible INP file and processed. EPANET then 

generates a result file, from which key output indicators are extracted. 
These indicators include whether the water supply meets the demands of 
all nodes, if node pressures pr(c), c ∈ C fall within the acceptable range 
(i.e., between 15 and 60 m (Desta et al., 2022; MoWR, 2006)), and if all 
water travel times t(c), c ∈ C adhere to a maximum residence time. A 
maximum residence time value of 72 h was determined based on a 
thorough survey encompassing more than 800 utilities across the USA. 
This duration is widely acknowledged as the accepted maximum, 
though actual residence times within a system may diverge considerably 
due to variations in design and usage patterns (World Health Organi-
zation, 2014). While no other references specifically address water reuse 
systems, a value of 72 h is recommended as a precautionary principle. 
However, it can be easily adapted as an input value depending on the 
specific case-study scenario. If any of these indicators fail, highlighting a 
potential issue with the network design, the HRR process takes specific 
corrective actions. Depending on which indicator has failed, adjust-
ments are made to the acceptable range of flow speeds, denoted as an 
interval [smin, smax]. The following adjustments are made automatically:  

1. If any speed within the network s(e), e ∈ ℰ exceeds smax, the HRR 
slightly reduces smax.  

2. If the water supply fails to meet the demands of all consumption 
nodes m(c), c ∈ C , the HRR slightly reduces smin while maintaining 
smax. 

3. If node pressures pr(c), c ∈ C fall outside the acceptable range, ad-
justments are made by slightly increasing smax or reducing smin.  

4. If any water travel time t(c), c ∈ C exceed the required criteria, the 
HRR adjusts both smin and smax as necessary. 

The modified design is then subjected to another round of validation 
through the EPANET software. The HRR process continues until a feasible 
hydraulic solution is obtained. However, if such a solution cannot be 
achieved due to the speeds s(e), e ∈ ℰ not falling within absolute interval 
constraints (i.e., where the minimum speed smin should not be lower than 
0.4 m/s, and the maximum speed smax should not exceed 1.2 m/s), the 
process is terminated because the hydraulic feasibility is unachievable for 
this design. This outcome may be attributed to factors such as an exces-
sively large network or an insufficient initial tank elevation. 

2.2.3. Resilience by design 
Designing a resilient water distribution network from its inception can 

be an arduous challenge, particularly when faced with tight budget con-
straints. The Resilience by Design (RbD) algorithm offers an effective and 
automatic solution. It operates as a greedy algorithm, crafting network 
designs that enhance resilience within the confines of budget limitations. 
This approach takes advantage of both the HFDS algorithm and the HRR 
process to guarantee hydraulic feasibility throughout the design process. 

The Resilience by Design (RbD) algorithm (Algorithm 2) starts with 
an initial setup that includes a starting point capable of gravity-based 
water distribution (i.e., an elevated initial water tank r without 
requiring water pumps) and a set of locations requiring water (C ). The 
operation of the RbD algorithm is illustrated as:  

1. Building the Resilient Network: The RbD algorithm goes through a 
step-by-step process to construct a resilient network based on the 
initial graph (see Section 2.1). It evaluates each destination where 
water is needed, one at a time, until the budget is exhausted.  

2. Ensuring Resilience: One of the key goals is to ensure resilience in the 
network. This means that every consumption point should have at 
least two independent paths to receive water (i.e., a meshed pipe 
network design). To achieve this, whenever a path to a consumption 
point is added to the network, the algorithm also looks for an 
alternative path to the same point.  

3. Optimizing for Cost-Effectiveness: In each iteration, the algorithm 
selects the candidate destination that provides the most cost- 
effective solution. This is determined by looking at the water 

D. Martínez et al.                                                                                                                                                                                                                               

73



Science of the Total Environment 938 (2024) 173051

6

consumption at each node along the path and considering the length 
of the path itself.  

Algorithm 2. Resilience by Design (RbD) algorithm. 

In order to benefit from the resilient meshed design, the RbD algo-
rithm places valves v(e) on each pipe e ∈ ℰ connected to nodes with 
more than one downstream branch. Valve placement is crucial since a 
failure on an individual non-valve pipe e can result in the service 
disruption of an entire network section until its flow is successfully 
isolated both upstream and downstream. 

2.2.4. Resilience strengthening 
In many cases, existing water distribution networks (WDNs) have 

already been established and are currently in operation but may lack the 
necessary level of resilience. If not addressed promptly, inadequately 
resilient networks can lead to substantial economic losses and service 
disruptions. In such scenarios, it becomes crucial to initiate projects 
aimed at enhancing the network’s resilience. The Resilience Strength-
ening (RS) algorithm offers an effective solution to this challenge. RS is a 
greedy algorithm, and its primary purpose is to enhance the resilience of 
pre-existing network designs while working within predefined budget 
constraints. Similar to the Resilience by Design (RbD) algorithm (see 
Section 2.2.3), the RS takes advantage of both the HFDS algorithm and 
the HRR process to guarantee hydraulic feasibility. In this scenario, the 
HFDS algorithm is applied to pre-existing water distribution networks, 
where the original pipe diameters are fixed and cannot be altered. 
Adapted to the context of RS, the HFDS algorithm focuses on predicting 
flows and determining diameters only for the newly added pipes, while 
leaving the existing network layout unchanged. 

The RS (Algorithm 3) starts with a pre-existing network design and 
its operation can be outlined as follows:  

1. Enhancing resilience: The RS algorithm introduces additional pipes 
and valves to enhance resilience in the network. This means, in a 

similar way to the RbD algorithm, that every consumption point 
should have at least two distinct paths to receive water. To achieve 
this, the algorithm searches for alternative routes to the same 
destination based on the initial graph (see Section 2.1).  

2. Optimizing for Cost-Effectiveness: In each iteration, the algorithm 
selects the candidate that provides the most cost-effective solution. 
This selection process considers the volume of water delivered to 
each node via at least two distinct paths, factoring in the additional 
length of the newly introduced pipes.  

Algorithm 3. Resilience Strengthening (RS) algorithm. 

3. Results and discussion 

3.1. Case study 

The usefulness of the methods and algorithms presented in this paper 
is illustrated in the city of Girona, Catalonia (northeast of the Iberian 
Peninsula). Girona, with its 102,666 inhabitants and 47,446 households 
(2.2 citizens per household), is a typical compact Western Mediterra-
nean city (Statistical Institute of Catalonia, 2022). Its urban area extends 
12.7 km2 on a rivers’ crossing, has a population density of 
8, 139 hab/km2, an average slope of 5.1, and an altitude range (differ-
ence between the minimum and maximum altitudes) of 177 m. Within 
the results section of this paper, we present two scenarios:  

(i) Achieving a cost-effective design of a new resilient reclaimed 
water network within a limited budget, ensuring hydraulic 
feasibility through the Resilience by Design (RbD) algorithm 
(Algorithm 2 and Section 3.2).  

(ii) Enhancing resilience based on previous research regarding a non- 
resilient but cost-effective reclaimed water network design (Calle 
et al., 2023), using the Resilience-Strengthening (RS) algorithm 
(Algorithm 3 and Section 3.3). 

Both scenarios share the same initial water tank location in the 
Fontajau neighborhood, situated at 111 m above sea level. The initial 
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graph (see Section 2.1) encompasses Girona’s entire urban area, 
including estimated reclaimed water demands for various public and 
private purposes (see Fig. 1), as detailed in previous works (Calle et al., 
2023). 

The results were obtained using an Ubuntu 20.04 LTS server (CPU: 
AMD Ryzen 5 5600X, 32GB RAM), executed within a Python notebook 
(Jupyter Hub, vanRossum (1995)). However, the tool is adaptable to 
other systems. 

3.2. Resilient-by-design network 

In scenario (i), a cost-effective and resilient network, named ‘resil-
ient-by-design’, has been designed to ensure hydraulic feasibility within 
a limited budget of €1,500,000. The Resilience by Design (RbD) algo-
rithm (Algorithm 2) was employed for this purpose. Fig. 2 illustrates the 
network graph created for this scenario, resulting in a 16-kilometer 
network. The ‘resilient-by-design’ network accommodates a total con-
sumption of 1527 cubic meters per day, effectively serving 21.4 % of the 
city’s total reclaimed water demand (Water served / total demand ×
100). Remarkably, the algorithm demonstrated a rapid execution, 
completing its task within seconds. 

Contrasting with prior research works (Yazdani et al., 2011; Herrera 
et al., 2016), the ‘resilient-by-design’ network not only conforms to a 
cost-effective, resilient layout consistent with the principles of the RbD 
algorithm, ensuring that each destination point is supplied by at least 
two distinct paths, but it also undergoes thorough hydraulic feasibility 
validation. This hydraulic feasibility assessment acts as a critical link 
between theoretical design and practical implementation. 

The RbD algorithm integrates the Hydraulic-Feasible Diameter Se-
lection (HFDS) algorithm (Algorithm 1) and the Hydraulic Refinement 
Relay (HRR) process. It utilizes the EPANET software to validate hy-
draulic feasibility at every stage of the reclaimed water network design 
process. The hydraulic simulation results for the ‘resilient-by-design’ are 
detailed in Table 4, presenting essential hydraulic output indicators 
categorized into three main groups: Water Service, Node Pressure, and 
Water Quality. 

In the Water Service category, two vital aspects are assessed. First, a 
verification is conducted to check whether water can be effectively 
delivered to all destination points. Second, it is confirmed that water 
speeds remain below the established maximum limit of 1.2 m/s, thereby 
ensuring the correct functioning of the network. 

Within the Node Pressure category, the focus lies on the distribution 
of node pressures to ensure that all node pressures fall within the 
acceptable range (i.e., between 15 and 60 m (Desta et al., 2022; MoWR, 
2006)). 

Addressing Water Quality concerns, especially in areas characterized 
by lower water speeds, we calculate the required travel time for water to 
reach each destination from the initial tank. This calculation is essential 
to ensure that water quality remains within acceptable limits. In this 
case study, the recommended maximum water age value of 72 h (World 
Health Organization, 2014) has been utilized (see Section 2.2.2). This 
analysis provides assurance that, despite lower speeds in some specific 
parts of the network (e.g., the smallest 32 mm pipes and distant end-
points with low demands), water quality is compliant and within 
acceptable limits. 

In future works, we will explore incorporating pressure pumps 
within the water distribution network designs. This proactive approach 
ensures an uninterrupted water supply, even in scenarios where initial 
tank elevation alone may not be sufficient to serve water to all the 
destinations. 

The resilience assessment of the ‘resilient-by-design’ network uti-
lized the Water Availability (WA) metric, as outlined in Section 2.2.1. 
This assessment involved an extensive series of 1,000,000 Monte Carlo 
simulations. Remarkably, these simulations resulted in a Water Avail-
ability value of WA = 0.9949, indicating a substantial 99.49 % proba-
bility that the initial water tank can consistently fulfill the water 

demands of all destination nodes within the network. This translates to a 
mere 0.51 % chance of service disruption. 

The Monte Carlo simulations conducted to evaluate WA also facili-
tated the computation of the Average Unserved Water per service 
Disruption event (AUW/D), which quantifies the average volume of 
water that cannot be served in the event of a service disruption, yielding 
a value of 512 m3. Moreover, the Average Disruptions per Year (AD/Y) 
was computed using the Mean Time To Repair (MTTR) of 24 h and the 
Mean Time Between Disruptions (MTBD) derived from the Water 
Availability (WA) metric, as detailed in Section 2.2.1, yielding an 
average of 1.86 disruptions per year. Consequently, the Average 
Unsupplied Water per Year (AUW/Y) was determined to be a total 
volume of 952 m3/year. 

3.3. Resilience-strengthening of a current non-resilient network 

In this section, scenario (ii), involving the resilience enhancement of 
a current ‘non-resilient’ network through the application of the Resil-
ience Strengthening (RS) algorithm (Algorithm 3) is introduced. The 
‘non-resilient’ network illustrates a cost-effective design for a reclaimed 
water network within the same city of Girona. This network’s design is 
based in the same topology obtained by the algorithms introduced in 
Calle et al. (2023). 

The original ‘non-resilient’ network design is not hydraulically 
feasible, as flows were predicted without the EPANET validation. Thus, 
before the application of the Resilience Strengthening (RS) algorithm 
(Algorithm 2), the network’s pipe diameters have been adapted to 
ensure hydraulic feasibility, thus facilitating a fair comparison of resil-
ience and cost output indicators. Consequently, the adapted ‘non-resil-
ient’ network, illustrated in Fig. 3, represents a tree-based topology 
characterized by hydraulic feasibility, 10 kilometer pipe length, and the 
same 1527 m3/day volume of transported water as the ‘resilient-by- 
design’ network in scenario (i), effectively serving 21.4 % of the city’s 
total reclaimed water demand. The adapted pipe diameters resulted on a 
total construction cost for the network of €1,135,000. 

The application of the RS algorithm over the current ‘non-resilient’ 
network resulted in the ‘resilience-strengthened’ design, as illustrated in 
Fig. 4. The ‘resilience-strengthened’ design evolved to a meshed topol-
ogy characterized by hydraulic feasibility, 20 kilometer pipe length, and 
maintaining the same 1527 m3/day volume of transported water. The 
added pipes resulted in an extra 10 km and a construction cost of 
€742,000, which results in a total cost of €1,880,000. In the figure, the 
original pipes of the ‘non-resilient’ network are illustrated in red, while 
the new pipes extension are in blue. 

3.4. Comparative analysis of key output indicators 

This section provides a comprehensive comparative analysis of key 
output indicators among the following networks: the current ‘non- 
resilient’ network, the ‘resilience-strengthened’ network enhanced 
through the application of the Resilience Strengthening (RS) algorithm 
(Algorithm 2) to the ‘non-resilient’ network, and the ‘resilient-by- 
design’ network created in scenario (i), as presented in Table 5. In the 
context of this study, it becomes evident that while the daily reclaimed 
water volume remains constant, notable variations emerge in the output 
indicators of the three network designs. 

Beginning with the ‘non-resilient’ design, it is apparent that its 
construction cost is the lowest at €1,135,000, primarily attributed to its 
limited pipe length of just 10 km. As expected, this design exhibits the 
least favorable Water Availability (WA) at 99.20 %, resulting in a 0.80 % 
probability of service disruption. Furthermore, it registers the highest 
values for Average Unserved Water per Disruption (AUW/D), Average 
Disruptions per Year (AD/Y), and Average Unserved Water per Year 
(AUW/Y), culminating in a substantial volume of 2786 m3/year affected 
by service disruptions. To ensure the sustained and reliable operation of 
these critical networks over the long term, it is imperative to minimize 
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both the probability of service disruptions (SD) and the impact on water 
service in the event of such disruptions as much as possible (AUW/D). 
Concerning additional costs, the AUW/Y cost amounts to €1530 and the 
cost of D/KY rises to €9980, marking them as the highest among the 
three designs, reflecting the low resilience of the network. 

The enhanced ‘resilience-strengthened’ design presents a network 
expansion of 20 km, which is almost twice the length of the pipe network 
compared to the original ‘non-resilient’ design. The total construction 
cost of the network is the sum of the cost of the original ‘non-resilient’ 
design (i.e., €1,135,000) and the cost of the expansion resulting from the 
RS algorithm (i.e., €742,000), which results in €1,877,000. Thus, the 
required investment to enhance resilience represents 65 % of the initial 
construction cost of the ‘non-resilient’ network. While this initial 
financial commitment is substantial, it yields significant improvements 
in resilience. The ‘resilience-strengthened’ design achieves a Water 
Availability (WA) of 99.30 %, translating to a noteworthy 12.5 % 
reduction in service disruptions (SD). Furthermore, it reduces the 
Average Unserved Water per Year (AUW/Y) to 1656 m3, constituting a 
nearly 65 % reduction in the impact of water service disruptions. 
Notably, despite the ‘resilience-strengthened’ design featuring nearly 
twice the pipe length of the original ‘non-resilient’ network, the Average 
Disruptions per Year (AD/Y) also decrease by 11 % (from 2.92 to 2.56). 
This reduction underscores the effectiveness of the RS algorithm’s 
strategy, which enhances network resilience by meshing the 

infrastructure and ensuring multiple distinct water paths from the initial 
tank to all destinations, alongside efficient valve placement. Regarding 
additional costs, the AUW/Y cost of this design amounts to €910, which 
marks a 40 % decrease compared with the ‘non-resilient’ design, 
reflecting its improved resilience. Although the cost of D/KY decreases 
to €9530, it only represents a 5 % reduction, underscoring the trade-off 
between network resilience and maintenance expenses. 

Notably, it is worth emphasizing that, to the best of our knowledge, 
there are currently no other cost-effective solutions available in existing 
research that offer comparable enhancements to the resilience of pre- 
existing network designs. By employing RS, organizations can address 
the critical issue of network resilience within the limitations of available 
resources, thereby reducing the potential for economic losses and ser-
vice interruptions while maximizing the resilience and functionality of 
their water distribution systems. 

In the context of planning the new design of water distribution 

Fig. 2. Visualization of the ‘resilient-by-design’ €1,500,000 reclaimed water 
network in Girona (highlighted in red) overlaying the Girona street graph 
(in grey). 

Table 4 
Summary of hydraulic feasibility indicators provided by EPANET (‘resilient-by- 
design’, scenario (i)).  

Indicator Result 

Water service  
- All destination points are fully supplied Yes 
- Water speed remains within the maximum (<12 m/s) Yes 
Node pressure  
- All nodes present adequate pressures (in meters) Yes 
- Quartiles [Q1, Q2-Median, Q3] [33.3, 36.5, 40.5] 
- Minimum and maximum values [29.9, 44.5] 
Water quality  
- Water age is acceptable (in minutes) Yes 
- Quartiles [Q1, Q2-Median, Q3] [60.5, 75.5, 90.6] 
- Minimum and maximum values [6.7, 363.3]  

Fig. 1. Visualization of the Girona case study area, highlighting nodes color- 
coded by elevation, and indicating the placement of the initial water tank. 
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networks (WDNs), particularly in newly developed neighborhoods, it 
becomes essential to compare ‘non-resilient’ and ‘resilient-by-design’ 
networks. This comparison aids in determining the overall prioritization 
strategy, which can either emphasize solely the cost-effectiveness of the 
design or take into account both resilience and cost-effectiveness 
indicators. 

Notably, the ‘resilient-by-design’ network incurs an initial cost that is 
32 % higher, primarily due to the requirement for a more interconnected 
and meshed topology. However, it is worth noting that, despite the 
higher initial cost, the ‘resilient-by-design’ approach still offers a cost 
reduction of 20 % compared to making an already existing network 
resilient. This upfront investment yields significant benefits, including a 
36 % reduction in the probability of service disruption and a nearly 50 % 
decrease in the average unserved water volume per disruption. Conse-
quently, the annual average unserved water drops from 2786 to 952 m3, 
representing a substantial 65 % reduction. In terms of additional costs, 
the ‘resilient-by-design’ approach demonstrates significant advantages. 
In particular, it shows the lowest AUW/Y cost of €520, indicative of its 
maximal resilience. Furthermore, the cost of D/KY amounts to €6770, 
marking a notable 32 % reduction from the cost observed in the ‘non- 
resilient’ design at €9980. This decrease in disruption repair costs per 
kilometer per year, despite a considerable increase in the network’s pipe 
length, underscores the effectiveness of the ‘resilient-by-design’ 
network. It indicates that despite the infrastructure’s significant 
expansion, the associated disruption repair expenses have notably 
decreased, demonstrating the cost-effectiveness of resilience-focused 
strategies. This reaffirms the efficacy of the resilient-by-design 
approach, highlighting its capacity to mitigate disruptions while effi-
ciently managing maintenance expenditures. 

Fig. 5 illustrates the progression of Average Unserved Water per Year 
(AUW/Y) over a 50-year operational period. When extending our 
perspective to this extended timeframe, opting for a ‘resilient-by-design’ 

network would effectively shield up to a substantial 91,700 m3 of water 
from the impact of water disruption events, in stark contrast to the ‘non- 
resilient’ network. Even when factoring in the subsequent resilience 
enhancement of the RS algorithm for the ‘non-resilient’ network, 
resulting in the ‘resilience-strengthened’ design with notable improve-
ments, the associated costs would still be 25 % higher, and the annual 
average unserved water volume would remain 76 % higher. This 

Fig. 3. Visualization of the ‘non-resilient’ current reclaimed water network in 
Girona (highlighted in red) overlaying the Girona street graph (in grey). 

Fig. 4. Visualization of the ‘resilience-strengthened’ network extension in 
Girona (highlighted in blue) over the ‘non-resilient’ network existing pipes 
(highlighted in red). 

Table 5 
Comparative analysis of key output indicators across ‘non-resilient’, ‘resilience- 
strengthened’, and ‘resilient-by-design’ network designs.   

Non- 
resilient 

Resilience- 
strengthened 

Resilient-by- 
design 

Length (m)  10,356  19,712  16,113 
Cost (k€)  1135  1877  1500 
WA (%)  99.20  99.30  99.49 
SD (%)  0.80  0.70  0.51 
AUW/D (m3)  954  647  512 
AD/Y  2.92  2.56  1.86 
AUW/Y (m3)  2786  1656  952 
Cost AUW/Y (k€)  1.53  0.91  0.52 
Cost D/KY (k€/ 

km)  
9.98  9.53  6.77 

WA (%) – percentage of Water Availability; SD (%) – percentage of Service 
Disruption (SD = 1 - WA); AUW/D (m3) – volume of Average Unserved Water 
per Disruption; AD/Y – number of Average Disruptions per Year; AUW/Y (m3) – 
volume of Average Unserved Water per Year; Cost AUW/Y (k€) – cost of the 
AUW/Y, derived from the mean price per cubic meter of €0.550502; Cost D/KY 
(k€/km) – cost of disruption repairs per kilometer per year, derived from the 
mean price of disruption repairs of the WA Monte Carlo realizations, the AD/Y, 
and the length of the network (based on the cost of entire pipe replacements in 
the events of disruptions). 
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underscores the long-term benefits of integrating resilience into the 
initial design considerations (i.e., resilience by design). 

3.5. Cost analysis: reclaimed network vs. tap water baseline 

In addition to evaluating the effectiveness of the ‘resilient-by-design’ 
network solution, we conducted a comparative cost analysis against a 
baseline scenario using tap water. In this baseline scenario, the supply of 
all water relies solely on the drinking water distribution network as no 
reclaimed water network exists. Upon implementing the ‘resilient-by- 
design’ network, 1527 cubic meters per day of reclaimed water are now 
supplied, reducing the reliance on the drinking water network for this 
portion of water demand. 

To assess the benefits of this transition, we compared the cost savings 
of water originally provided by the baseline drinking water network, 
calculated using a price of €1.09 per cubic meter. This baseline sce-
nario’s cost is calculated from the mean price per cubic meter of 
drinking water in Spain in 2022 (AEAS-AGA, 2022). 

On one hand, the reclaimed WDN includes the costs extracted from 
the algorithms and methods (i.e., design phase), which include con-
struction costs, the cost of disruption repairs per year, and Water 
Availability (WA) costs; WA costs represent the expenses associated with 
the Average Unserved Water per Year (AUW/Y), which during disrup-
tion events would otherwise be supplied by the original baseline 
drinking water network. 

On the other hand, the reclaimed WDN costs also encompass the 
adequate wastewater treatment to obtain the appropriate reclaimed 
water quality for specified water usages, the construction of the sup-
plying WDN from the wastewater treatment plant (WWTP) to the 
reclaimed WDN initial tank, and operation costs of the pressure pump 
needed for the supplying WDN. These costs have been manually calcu-
lated for our case study. Construction costs of the supplying WDN 
include expenses for pipes, valves, and an additional water tank with the 
same capacity as the reclaimed WDN initial tank placed at the WWTP 
site. These costs have been meticulously computed utilizing the same 
REWATnet database as the construction costs of reclaimed WDNs. 
Additionally, the operational costs of the pressure pump essential for the 
supplying WDN have been determined based on an average water 
pumping energy consumption of 0.475 kWh/m3 (Yerri and Piratla, 
2019), and the final average energy price in Spain during 2023, standing 
at 0.0996 €/kWh (Statista, 2024). 

The costs associated with wastewater treatment at the WWTP have 
been derived from the Suggereix tool (Catalan Water Agency, 2021), 
specifically designed to streamline access to information and resources 
concerning reclaimed water in Catalonia. This tool aids in decision- 

making processes regarding the costs of water regeneration and reuse 
procedures. It has been used in conjunction with the Spanish guide for 
the application of R.D. 1620/2007 (Spanish Ministry of Environment 
and Rural and Marine Affairs, 2010), which proposes the following 
wastewater treatment train: conventional activated sludge system with 
biological nutrient removal, including a secondary clarifier + coagula-
tion/flocculation process + sand filter + microfiltration or ultrafiltration 
membrane + final disinfection (using Cl2). This treatment train is rec-
ommended for achieving the best water quality, fully eliminating 
Escherichia coli concentrations, which is necessary for the water uses 
selected in our case study, including public and private garden irrigation 
and toilet flushing. The expenses linked to this wastewater treatment 
train, encompassing both construction and operation and maintenance 
(O&M) costs, for the water volume of 1527 m3/day for 50 years have 
been calculated as €1100/day. 

Table 6 outlines the cost analysis of the ‘resilient-by-design’ 
reclaimed WDN over a 50-year operational period, providing a 
comprehensive assessment of its cost-effectiveness. The total cost of the 
reclaimed WDN for this period amounts to €29,278,000 (€1.05 per cubic 
meter), compared to €30,375,848 (€1.09 per cubic meter) for the tap 
water baseline, showing that they are both in the same level of magni-
tude. In addition to the slightly 3.67 % cost decrease, the reclaimed 
WDN saves up to a remarkable 27,820,150 cubic meters of water from 
the drinking water network. Significantly, the complex wastewater 
treatment train emerges as the primary expense, comprising up to 68.57 
% of the total cost of the reclaimed WDN. This underscores the sub-
stantial investment required to treat wastewater to a quality suitable for 
reuse in our case-study scenario. 

It is noteworthy that Spain’s pricing model for drinking water does 
not fully account for all associated costs, including operational, infra-
structure maintenance, renovation, and quality assurance measures 
(AEAS-AGA, 2022). In contrast, these associated costs, which are inte-
gral to ensuring water quality and service reliability, are fully integrated 
into the cost analysis of our reclaimed WDN solution. Therefore, taking 
these factors into account, the potential cost savings offered by our 
reclaimed WDN solution could be even more significant compared to the 
conventional tap water baseline. 

While the ‘resilient-by-design’ reclaimed WDN demonstrates cost- 
effectiveness over a 50-year operational period, an initial investment 
is required to build the infrastructure (i.e., construction costs). Given the 
current drought emergency in our case study region, it becomes 
imperative to seek public aid initiatives aimed at promoting water reuse. 
Such subsidies are crucial in incentivizing water reuse practices, espe-
cially considering the severe strain on water resources. These initiatives 
not only yield significant ecological benefits but also promise substantial 
long-term cost savings. 

At present, the methodology outlined in this paper does not include 
pressure pumps in the algorithms generating reclaimed WDN designs, 
thus omitting direct consideration of operation and maintenance (O&M) 
costs from the initial elevated tank to the consumption destinations. In 
our specific case study, the deliberate absence of pressure pumps aligns 
with the geographical reality of Girona, where an elevated location with 
pre-treated reclaimed water readily available for designated purposes 

Fig. 5. Evolution of Average Unserved Water per Year (AUW/Y) over a 50-year 
operational period. 

Table 6 
Cost analysis of the ‘resilient-by-design’ reclaimed WDN, including the supply-
ing WDN and wastewater treatment costs, considering a 50-year operational 
period.  

Metric Cost (k€) Cost (%) 

Construction  1500  5.12 
Disruption repairs  5453  18.62 
Tap water served during disruption events  26  0.09 
Supplying WDN construction  906  3.10 
Supplying WDN operational costs  1318  4.50 
Wastewater treatment at WWTP  20,075  68.57 
Total  29,278  100  
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eliminates the need for additional pumping. Future research will 
incorporate pressure pumps and O&M costs directly into the reclaimed 
WDN design phase, allowing for the evaluation of additional case studies 
that necessitate their use. This advancement will build upon insights 
from relevant literature, such as studies by Khurelbaatar et al. (2021) 
and Friesen et al. (2023), which provide valuable frameworks for inte-
grating such considerations. 

3.6. Final thoughts 

While there exists a substantial body of literature on water network 
resilience and its evaluation, it becomes evident that this specific field of 
study has been lacking comprehensive measures or strategies for 
ensuring resilience through design. This paper addresses this gap in the 
literature by presenting algorithms and metrics that are well-suited for 
integration with existing approaches and tools, thus offering practical 
solutions for enhancing reclaimed WDN resilience. Notably, our work 
serves as an ideal supplement to the Water Network Tool for Resilience 
(WNTR) (Klise et al., 2017a, 2018). In addition to its primary function of 
resilience assessment, our algorithms offer cost-effective solutions for 
enhancing resilience in two key scenarios: the initial design of a network 
(RbD algorithm), and the optimization of resilience in existing opera-
tional networks (RS algorithm). 

The figures showcased in the results section of this paper are auto-
matically generated and exported as high-quality PDF vector maps. This 
ensures that their clarity and detail are preserved even when zooming in. 
Additionally, the network designs and hydraulic feasibility outputs are 
parsed into interactive HTML maps, a valuable resource for network op-
erators when evaluating results and making informed decisions (Crickard 
III, 2014). Specifically, our Hydraulic Refinement Relay (HRR) process 
extracts key data from the EPANET output indicators, including node 
pressures, water supply, pipe velocities, and flow rates. This interactive 
presentation of information offers a comprehensive understanding of the 
network’s performance, enhancing decision-making capabilities. 

In contrast with the majority of the evaluated literature, all algo-
rithm definitions, implementations, and output indicator results for the 
case study, including numerical, on-map, and graphical data visualiza-
tions, are available on a dedicated public repository (Martínez, 2023). 
This transparency and accessibility underscore our commitment to 
fostering collaboration and enabling wider application of our research 
findings in practice. All these algorithms and data will be available to 
municipalities, empowering them to utilize our work as needed. Given 
that the design and planning phase of water distribution networks is 
known to cost up to 10 % of the initial investment (Khurelbaatar et al., 
2021), our work not only facilitates decision-making but also potentially 
saves significant financial resources. 

4. Conclusions 

This study fills a critical gap in the existing literature by introducing 
novel approaches for enhancing and evaluating the resilience of 
reclaimed water distribution networks. We have presented mathemat-
ical algorithms for both designing resilient water distribution networks 
from scratch and enhancing existing networks within limited budget 
constraints. These algorithms not only prioritize resilience but also 
optimize cost-effectiveness. Remarkably, the Resilience by Design (RbD) 
algorithm (Algorithm 2) guarantees both cost-effective and resilient 
water network designs, even with limited budgets. Additionally, the 
Resilience-strengthening (RS) algorithm (Algorithm 3) demonstrated 
excellent performance by significantly enhancing resilience output in-
dicators within an existing non-resilient network design. 

Furthermore, we introduced a novel metric, Water Availability 
(WA), providing a comprehensive measure to evaluate network resil-
ience. Our innovative and interactive process seamlessly integrates these 
algorithms with the EPANET software validations, ensuring cost- 
effective resilience while adhering to hydraulic feasibility constraints 

in network designs. This holistic approach reshapes the way we evaluate 
and design resilient water distribution systems. 

In practical terms, our study demonstrated substantial benefits in 
prioritizing resilience in network design. Comparing a resilient-by- 
design network to a non-resilient counterpart, we observed a 36 % 
reduction in the probability of water service disruption and a significant 
65 % decrease in the annual average unserved water due to service 
disruptions (AUW/Y). Notably, not only is the AUW/Y significantly 
reduced, but the cost of disruption repairs per kilometer per year (D/KY) 
also decreases by a significant 32 % compared to the non-resilient 
design, highlighting its cost-effectiveness. These findings underscore 
the long-term advantages of resilience-focused network design, with our 
case study effectively safeguarding up to a significant 91,700 cubic 
meters of water from the impact of water disruption events compared to 
an equivalent non-resilient design. 

Our cost analysis also revealed a 3.67 % decrease in costs over a 50- 
year operational period for our ‘resilient-by-design’ reclaimed water 
distribution network (WDN) solution compared to the baseline of using 
the conventional drinking WDN, highlighting its cost-effectiveness. 
Additionally, a remarkable amount of 27,820,150 cubic meters of 
clean water can be saved by our reclaimed WDN solution, especially 
meaningful in light of the ongoing drought emergency present in our 
case study region. 

Overall, our research not only addresses a crucial gap in the litera-
ture by focusing on reclaimed water distribution networks but also il-
lustrates its applicability to other WDN systems with minimal input data 
adaptation. Our work provides valuable insights and practical tools for 
the resilient design of water distribution networks, significantly 
contributing to the advancement of water resource management and 
infrastructure planning. 
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Chapter 6

Discussion

The results obtained in this thesis demonstrate how the integration of innovative graph
theory solutions addresses critical challenges in urban water network management.
These solutions contribute positively to public health, particularly in managing pandemic
situations (Section 6.1), while also mitigating risks related to external elements such
as tree roots or street works in wastewater networks (Section 6.2). Additionally, they
facilitate the development of cost-effective and resilient designs for reclaimed Water
Distribution Networks (WDNs), thereby assisting in their implementation and enhancing
overall water resource management efficiency (Section 6.3).

The methodology outlined in this thesis (Section 3) facilitated the automation of data
gathering and processing, streamlining the implementation of algorithms. This approach
not only led to significant efficiencies but also enabled the achievement of objectives
outlined in the introduction (Section 1.2), with results revealing notable benefits.

If in the previous chapters the results were presented as individual and independent
compartments, this chapter focuses on the multiple relationships that can be established
among them. The purpose is, therefore, to analyze the results obtained by interweaving
them according to common guidelines that constitute the main thread of the discussion.
To achieve this, the chapter is structured into four sections that analyze the results based
on their contributions to the overarching objectives of the study.
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Chapter 6. Discussion

6.1 Distributing wastewater sampling: a vital tool in
pandemic management

The findings from the case study in Girona validate the efficacy of the Monitoring Sites
Evaluation (MSE) algorithm, establishing it as a vital tool in pandemic management.
The algorithm is designed to optimize the coverage of sewage monitoring sites while
minimizing interference and ensuring equitable coverage areas. The results demonstrate
coverage exceeding 60% within maintenance holes, interference levels below 3%, and a
maximum difference of 25% in coverage among monitoring sites. Thus, the algorithm
achieves an optimal balance between coverage, interference, and maintenance hole
distribution.

It is noteworthy that a higher number of monitoring sites leads to shorter distances
from the furthest node to respective sampling points. Consequently, maintenance holes
near the Wastewater Treatment Plant (WWTP) are excluded from the final solutions due
to their limited number and potential interference, particularly as they are downstream.
Considering the potential attenuation of RiboNucleic Acid (RNA) signals along the sewage
network transport [68], future iterations of the algorithm may incorporate constraints
on the maximum distance between SARS-CoV-2 RNA discharge points and monitoring
sites.

Monitoring site selection (or sensor placement) has been extensively studied for
drinking water networks, but relatively few studies exist on sewage networks. [69]
determined key sensor locations for managing non-point pollutant sources in sewage
networks using clustering analysis and ANalysis Of VAriance (ANOVA) on top of
Storm Water Management Model (SWMM) simulated results, thus requiring significant
computational power. Similarly, there are examples of sensor placement for illicit
intrusion detection in sewage networks based on single and multi-objective optimization
[70] or Bayesian decision networks [71], both of which present high complexity. [72]
proposed optimal sampling monitoring locations primarily for calibrating a hydrodynamic
model, while [46] and [47] developed methodologies for sensor placement in WWTPs
based on graph theory and mass balances, prioritizing data quality assessment and control
while minimizing ownership costs.

Therefore, our study pioneers the application of a fast, heuristic static monitoring
site selection algorithm for fine-resolution SARS-CoV-2 monitoring. This algorithm
holds promise for municipalities seeking to monitor RNA traces at a granular scale.
Integrating RNA trace analysis with health, demographic, and socioeconomic indicators
[7, 73] necessitates a module, developed in this study, linking households to maintenance
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holes, enabling data aggregation from individuals to inhabitants associated with specific
monitoring sites. In Catalonia, where public COVID-19 prevalence data is aggregated
only at the municipality and primary health area (Àrea Bàsica de Salut (ABS)) levels,
this finer scale of monitoring fills a crucial gap. Moreover, the applicability of
this approach extends beyond COVID-19 tracking. It can be adapted for various
purposes such as estimating pharmaceutical consumption [74], detecting illicit drug
use [75], and identifying illicit pollutant discharges from industries [71] at fine spatial
resolutions.

Overall, this novel distribution of wastewater sampling provides a clear improvement
in pandemic data monitoring by strategically placing monitoring sites in sewage systems,
becoming a vital tool in future pandemic management.

6.2 Preserving environmental integrity: mitigating risks
in wastewater networks

Tree roots and street works are well-known for their constant impact on triggering pipe
failures and wastewater leakages, thus mitigating their risks is essential to preserve
environmental integrity. Natural factors such as tree roots affect pipe failure hazard rates,
as proved by [22, 23]. In particular, they recommend checking pipes in the proximity
of trees and evaluating the possibility of tree rearrangement, although a more in-depth
analysis is needed. According to their work, the risk of pipe failure incidents concerning
tree roots increases over time and can be exacerbated on old or corroded pipes [24].
Sydney Water [25] agrees with this statement, justifying that the roots of trees planted
in the wrong place can find their way into wastewater pipes, causing about 80% of all
dry weather sewage overflows and seriously affecting public health and the environment.
However, there is an active discussion on whether tree roots are able to crack pipes.
According to [26], tree roots may affect pipes in other ways such as joint intrusion or
tensile forces. For example, no matter the individual root size, the total volume of the tree
roots in a joint could develop a surface big enough to break the pipe collar.

The concept of Tree Protection Zones (TPZs) is widely known in the world of
arboriculture. It is defined as the calculated area above and below ground at a given
distance from the tree trunk that aims to protect the tree’s roots and canopy during
construction works [76]. While the TPZ primarily serves for tree protection, it can also
be used inversely. The Australian Standard (AS) [77] is the most widely accepted method
for calculating TPZ, although it has led to discussion [78]. Our tree root impact results
for Girona, calculated based on the element-pipe distances obtained through the defined
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algorithms, show that the tree impact data distribution is almost equal for both [79] and
[77] methods. This demonstrates that the AS is an excellent approximation, without
needing tree species data to compute the tree Impact Areas (IAs)). In a hypothetical
situation where all city trees were “sewer-safe” with the same trunk size and location
as the actual ones (i.e., identical tree sizes above the surface with much smaller tree root
areas below), the median of tree impacts would be slightly reduced. However, more
research and other case studies are needed to check this tendency.

The top 10 most impactful tree detection results illustrate that a small percentage of
trees cause the most impact on pipes. This is due to the large number of upper-bound
outliers in the data and the significant 44% decrease in values between the first and the
tenth-placed tree. The most impactful trees are expected to be large or in a critical location
where many pipes are present (e.g., street crossroads), or both. The majority of the most
impactful trees have large Impact Areas (IAs). However, some exceptions were found
during manual checks, revealing that they are placed in critical spots, such as roundabouts
with multiple pipes. It is also worth noting that the most present species in the top 10 are
the Celtis australis and the Tilia platyphyllos, which are not considered “sewer-safe” and
are well-known for their relatively extensive root systems, highlighting the importance of
planting “sewer-safe” trees in cities. After this preliminary assessment, decision-makers
may require the application of additional methods to minimize the risks, such as localized
Closed-Circuit TeleVision (CCTV) inspections in the most critical areas.

Moreover, the Element Rearrangement (ER) algorithm results show a clear benefit
of rearrangement of a portion of Girona’s most impactful trees in terms of pipe failure
risks, thus preventing environmental and public health hazards by avoiding wastewater
leakages caused by tree roots. In particular, our case study results prove this statement
considering the Australian Standard TPZ method with tree replacement enabled (i.e., to
plant a sewer-safe tree in the same location) from 0 to 13% of the dataset trees, showing
that the number of high-risk pipes is reduced drastically by 75%, and medium-risk ones
by 30%.

The anticipated expenses for repairing pipe failures due to tree root intrusion in
Girona were assessed at approximatelye 5.14 million over the pipes’ operational lifespan
of approximately 30 years. This estimation assumed a repair cost of e 230 per meter of
new 300 mm diameter PolyVinyl Chloride (PVC) pipes, based on findings from ABM
Consulting’s Spanish case studies. These repair costs were then used to calculate the
actual economic savings of the Element Rearrangement (ER) approach analyzed in our
case study. Despite the initial investment required, the ER algorithm not only prevents
environmental and public health hazards by avoiding wastewater leakages caused by tree
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roots, but also demonstrates a significant economic payback during the pipes’ operational
lifetime by rearranging a specific percentage of the city trees.

Overall, the current literature lacks a comprehensive analysis of the potential impact
of tree roots on pipes in wastewater networks, especially in multi-layer crossing scenarios.
It is worth noting that evaluating pipe failure risk and tree impacts quantitatively can be
highly beneficial for city councils and wastewater network managers in planning and
prioritizing preventive actions on wastewater network pipes. The results provide an
excellent initial overview of the current scenario and can be generated easily and without
the need for additional resources, extensive data, or fieldwork in sewers, in contrast with
the existing literature [80, 81].

6.3 Crafting resilient solutions: designing cost-effective
reclaimed water distribution networks to address
drought challenges

Water resources, inherently limited and unevenly distributed across both space and
time [28], represent a critical global concern. As anticipated in our first related paper
(Section 5.2), an increasing number of nations are recognizing the viability of water reuse
as a dependable alternative resource. Particularly noteworthy is the expanded focus on
developing reclaimed water networks, now a primary agenda item for local and regional
governments in Catalonia. This shift is precipitated by the current drought emergency,
with water reserves in Catalonia’s internal basins plummeting to a mere 15% capacity as
of March 28, 2024 [65].

Efficient and sustainable water reuse depends on the realization of feasible water
reuse projects, encompassing the establishment of water reclamation treatment plants
and the subsequent distribution to potential users. The planning and assessment of
such projects necessitate (i) decision-makers to address a multitude of queries, including
determining the optimal tertiary/advanced treatment methods; (ii) estimating the volume
of wastewater to be reclaimed based on the city’s usage patterns; and (iii) devising
the most effective water distribution network. While solutions for issues (i) and
(ii) already exist, the realm of the issue (iii) remains largely unexplored, with little
literature addressing this critical aspect. In response, we have developed an innovative
methodology alongside cost-efficient algorithms based on graph theory. This approach
automates the design process and conducts comprehensive cost analyses of reclaimed
Water Distribution Networks (WDNs). Our solution marks a significant advancement
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from existing literature, which predominantly focuses on decision support tools for
wastewater systems alone [29, 82–86].

The first iteration of the REclaimed WATer Network Tool (REWATnet) decision
support tool, designed to streamline the planning of optimal reclaimed water reuse
networks within urban settings, has been meticulously developed and rigorously tested.
Designed to operate seamlessly with minimal user input, the tool benefits from the open
data methodology (Chapter 3) to compute the maximum volume of reclaimed water
served per unit of investment cost. This encompasses the determination of network
parameters such as pipe lengths and diameters, storage tank placements, population
coverage, and construction expenses, all unified within a cohesive architecture, which
presents an evolution from existing paradigms [87].

The crux of the tool lies in its ability to compute the optimal network graph
from scratch, leveraging fast and efficient routing and clustering algorithms [50, 51],
diverging from prevalent approaches [88]. Moreover, it employs the Limited Budget
(LB) availability algorithm as necessary. Notably, for a city of approximately 100,000
inhabitants, the estimated construction cost of an optimal water reclaimed network falls
within the range of e 0.17-0.22/m3 over a 30-year payback period. Furthermore, the
tool computes, within minutes, an optimal network capable of delivering reclaimed water
up to three times more efficiently than current manual planning practices. In addition
to its computational efficiency, the tool offers an intuitive user interface, providing a
visually appealing map showcasing the optimal reclaimed water network. This includes
detailed representations of main and branched networks, complemented by color-coded
city clusters for enhanced clarity and comprehension.

Nevertheless, the initial release of the REWATnet tool presented two prominent
limitations. Firstly, while the design solutions effectively minimized costs, they often
resulted in non-resilient tree-like structures. In such configurations, the failure of a single
pipe could disrupt service throughout the entire downstream network, highlighting a
significant vulnerability. Secondly, the designs provided by the tool lacked hydraulic
verification through dedicated Water Distribution Network (WDN) flow simulation tools,
such as Environmental Protection Agency Network Evaluation Tool (EPANET) [89].
Consequently, there remained uncertainty regarding the practical feasibility of these
designs—a critical aspect that has been overlooked in much of the existing literature [90,
91]. Despite a substantial body of research on water network resilience and its evaluation,
it is apparent that this specific facet lacks comprehensive measures or strategies ensuring
resilience through design.

The second iteration of the REWATnet tool, detailed in Section 5.4, represents a
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natural progression from its predecessor aimed at addressing its primary limitations. This
advancement fills a notable void in the literature by introducing algorithms and metrics
specifically tailored to integrate with existing methodologies and tools, thereby providing
practical solutions for fortifying the resilience of reclaimed Water Distribution Networks
(WDNs). Moreover, the tool now offers designs that have undergone rigorous hydraulic
validation through EPANET simulations [92].

Significantly, the REWATnet tool complements the well-established Water Network
Tool for Resilience (WNTR) [93, 94], filling a crucial gap that the latter primarily
overlooks. While WNTR excels in evaluating resilience, it lacks specific measures for
concrete design improvements. In contrast, our algorithms not only assess resilience but
also provide cost-effective solutions for enhancing it in two pivotal scenarios: firstly,
during the initial network design phase through the Resilience by Design algorithm, and
secondly, in optimizing resilience within existing operational networks via the Resilience
Strengthening algorithm.

The enhanced REWATnet tool introduces a novel approach to evaluating resilience
through the Water Availability (WA) measure. This measure offers a comprehensive
assessment while requiring minimal data, an advancement from prevailing practices in
the literature [95–100] that often rely on operational data, which is typically scarce
during the initial design phases. Additionally, our framework incorporates a broader
spectrum of potential failure causes, encompassing pipe-related, environment-related, and
operation-related failures [101, 102], in addition to the traditionally considered natural
disasters [103, 104]. Furthermore, our approach goes beyond mere assessment, offering
specific design improvement measures tailored to enhance network resilience. This aspect
distinguishes our work from similar studies such as [99], which lacks accessibility to data
or algorithms and automation, relying solely on a designer’s experiential judgment and an
initial set of fixed pipe diameters.

6.4 Limitations of the study

Although the proposed methodology has been rigorously applied, it is essential to be
aware of the potential limitations that may arise from the research, so that they can be
considered in future investigations. Below, the main limitations associated with this study
are detailed, primarily relating to methodological aspects that invariably influence, to a
greater or lesser extent, the final outcome.

The primary challenge in implementing the wastewater sampling approach lies
in the quality of data concerning the topology of the sewage network. Often, the
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database maintained by network managers is incomplete or inconsistent, necessitating
a reconciliation of sewage data, which is one of the most time-consuming aspects.
Additionally, logistical constraints arise on the maintenance holes within the network,
where installing monitoring sites or sensors may be physically impractical. Furthermore,
maintenance holes located in the middle of roads pose significant challenges, as sample
collection or sensor installation in such locations could result in substantial transit
disruptions. Another minor limitation concerns the concentration of the virus or
contaminant requiring analysis, which can be mitigated by employing a hydraulic model
to estimate the dilution capacity within the sewer network. Previous efforts in this regard
have been documented for SARS-CoV-2 [68] and other pathogens [105, 106].

While analyzing the impact and risks of tree roots and street works on wastewater
networks, we have identified a minor limitation in our methodology. Although our
approach is effective in diagnosing the influence of external elements such as natural
factors and human activities, it focuses on determining exact circumference impact
areas [107, 108], which may not fully represent the volume of tree roots. However,
we believe that focusing on impact areas simplifies comprehension for decision-makers
by providing a clear spatial representation. Additionally, estimating volumes would
introduce uncertainty, primarily due to the limited understanding of the volumes of tree
roots of different ages and species.

The initial major challenges associated with designing cost-effective reclaimed
Water Distribution Networks (WDNs) (Section 5.2) have been effectively addressed
in subsequent research, accompanied by the development of innovative algorithms to
enhance resilience and ensure hydraulic feasibility (Section 5.4). However, an additional
limitation remains to be addressed. While the resilient reclaimed WDN networks now
incorporate comprehensive cost analyses spanning a 50-year operational period, they still
operate under the assumption that reclaimed water can reach its intended destinations
solely via gravity flow from an elevated initial water tank. This assumption necessitates
specific altitude differentials in case-study scenarios to ensure water delivery. Notably,
while the costs associated with pressure pumping for conveying treated water from
the Wastewater Treatment Plant (WWTP) to the initial elevated tank are factored into
the supplying WDN, they are not directly integrated into the design considerations of
the network itself. Addressing this limitation is crucial for ensuring a more holistic
and accurate assessment of the costs and operational requirements associated with
implementing reclaimed WDN networks [29, 109]. Lastly, it is worth noting a minor
limitation: the widespread non-acceptance of reclaimed water in numerous countries, or
its limited acceptance for specific purposes as dictated by regulations. However, it is
important to highlight that in the case of Spain, reclaimed water is permitted for all the
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purposes discussed in our papers. Nevertheless, the urgency of climate change compels
governments to increasingly recognize and authorize the utilization of reclaimed water as
a crucial tool in combating its effects.
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Conclusions and future work

This chapter encapsulates the primary findings of this investigation concerning the
predefined objectives (Section 7.1). Additionally, it outlines potential avenues for future
research endeavors (Section 7.2).

7.1 Conclusions

In this doctoral thesis, we have made significant contributions to the field of urban
water network management. Through the integration of interdisciplinary research
encompassing computer science, graph theory, and water sciences, we have addressed
pressing challenges stemming from the COVID-19 pandemic, environmental preservation
efforts, and water scarcity concerns. The results of this thesis pave the way for a more
efficient, accessible, and economical application of innovative algorithms, tools, and
decision systems. Ultimately, the contributions aim to minimize costs and enhance the
resilience of future urban water systems, thus providing sustainability and efficacy in
water resource management.

Objective 1. Development of Advanced Surveillance Techniques

• Our contributions demonstrate the feasibility of optimally selecting sampling
points for SARS-CoV-2 sewage surveillance in cities. This thesis proposes
an algorithm for placing a predefined number of monitoring sites to achieve
maximum coverage of maintenance holes with minimal interference among them
(static sensor placement). Additionally, two other algorithms are proposed for
dynamically sampling and analyzing sewage to identify patient zero and hotspots
in cities (dynamic sensor placement). These proposed algorithms are based on
graph theory methodologies, which draw upon our previous works in the field of
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telecommunications.

• In the Girona case study, deploying five static monitoring sites has shown to be the
optimal surveillance solution, achieving coverage values of 82% for maintenance
holes and 88% for inhabitants without any interference. These results highlight
that the proposed algorithms outperform previous proposals across all presented
scenarios. Specifically, they demonstrate enhanced efficiency in monitoring
SARS-CoV-2 RNA traces at a finer scale.

• This work introduced the first static monitoring site selection algorithm for
SARS-CoV-2 monitoring at a fine spatial resolution. The static monitoring site
selection algorithm can be effectively applied in municipalities seeking to monitor
SARS-CoV-2 RNA traces at a finer scale than the entire municipality. Additionally,
a module has been developed to link each household to a maintenance hole, which
is essential for aggregating individuals connected to a specific monitoring site.

• The proposed algorithms are equally valid for the placement of monitoring sites
for purposes other than tracking the spread of COVID-19, such as estimating
the consumption of pharmaceuticals and illicit drugs at fine spatial resolution or
detecting illicit discharges of pollutants from industries.

Objective 2. Optimization of Water Reuse Network Designs

• The optimization of water reuse networks has enabled the automatic generation
of cost-effective network designs, facilitating the development of crucial
infrastructure, particularly amidst the current drought emergency in the case study
area.

• The newly introduced decision support tool, REclaimed WATer Network Tool
(REWATnet), has been successfully applied to two real scenarios in Spain and
provides a framework that can be readily adapted and deployed in other regions
worldwide. Its implementation only requires the configuration of appropriate open
online services and data sources (e.g., cadaster), alongside potential customization
of default values for water consumption and costs. No similar tools in the literature
offer the capability to plan and economically assess optimal water reclamation
networks for cities with minimal computational effort. Additionally, while the
tool may be utilized for conventional water distribution networks, it necessitates
validation and refinement.

• Urban planners, municipal or regional authorities, and consulting firms can operate
the tool to plan urban water reuse projects, pinpoint critical water consumption
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areas within a city, compare alternative solutions based on technical and economic
criteria, and ultimately select the optimal approach. REWATnet holds significant
potential as a valuable dissemination and training tool for water reuse scheme
planning.

• With minimal input data from users and leveraging open data sources, the tool
calculates the maximum reclaimed water served per unit of investment cost,
encompassing network length, pipe diameters, storage tank locations, population
served, and construction expenses. In essence, all parameters are seamlessly
integrated within a unified architecture as a result of the ReWaT project.

Objective 3. Automation of Risk Management Processes

• This thesis results corroborate the initial statement from the Girona municipality
that tree roots are a significant cause of pipe failures in both wastewater and drinking
water networks. Although the analysis focused solely on the wastewater network
due to the unavailability of data for the Drinking Water Distribution Network
(WDN), risks from tree roots and potentially other external factors, such as street
works, were successfully identified. The Australian Standard (AS) Tree Protection
Zone (TPZ) method emerged as the most practical approach for calculating the
Impact Areas (IA) of city trees. The findings revealed that although nearly 80% of
Girona’s wastewater pipes pose no risk, 12% exhibit low risks, 6% moderate risks,
and 3% high risks.

• To mitigate pipe risks, the Element Rearrangement (ER) algorithm was introduced,
which involves replanting high-impact trees with alternative “sewer-safe” tree
species that produce less hazardous root systems. The algorithm proved effective,
particularly as the top 10 most impactful trees in Girona contribute the most to
pipe risks, with a notable 44% difference in impact values between the first and
tenth-placed trees. Implementing the ER algorithm resulted in a considerable
reduction in the median pipe failure risk (from 0.8 to 0.14) with a minimal
percentage of tree rearrangement (from 1% to 12%). Based on computed pipe
failure probabilities, the anticipated cost of pipe repairs due to tree roots over the
network’s operational period of 30 years is approximately e 5.14 million, which
can be halved (e 2.78 million) with just a 4% implementation of the ER algorithm.
Furthermore, the economic benefits of the ER algorithm demonstrate a payback of
up toe 1.33 million for a 7% rearrangement, despite the required initial investment.

• This approach demonstrates the feasibility of automatically diagnosing the
potential impacts of tree roots on wastewater pipes and proposing cost-effective
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rearrangement solutions. The Element Rearrangement (ER) algorithm not only
mitigates environmental and public health hazards but also yields positive economic
returns throughout the operational period of the pipes within optimal rearrangement
percentages. These novel algorithms are versatile and can be applied to address
other natural and human factors such as street works or building constructions.
Additionally, pipe failure probabilities are calculated and utilized to estimate the
expected cost of pipe repairs over their operational lifespan.

• The achievement of this objective presents a cost-effective solution for both
analyzing and assessing the impact of external factors on wastewater networks
and predicting pipe failure risks, all without the necessity of fieldwork in
sewers. Despite certain limitations, the method’s versatility lies in its global
applicability, utilizing existing data available in municipalities. It serves as a
valuable preliminary study for prioritizing preventive measures and conducting
detailed initial assessments, rendering it particularly beneficial for city councils and
wastewater network managers.

Objective 4. Design of Cost-Effective Resilient Network Solutions

• This objective represents an evolution from Objective 2, aiming to enhance the
optimization of water reuse network designs by ensuring hydraulic feasibility and
resilience. In defining resilience, a network is characterized by its ability to
minimize service disruptions resulting from pipe failure events, thereby maximizing
the number of unaffected destinations.

• Given the challenge of assessing the resilience of one design compared to
another, a novel metric termed Water Availability (WA) has been introduced,
which offers a comprehensive means to evaluate network resilience. Within
water distribution networks, pipe failures typically stem from three main causes:
(i) pipe-related factors, (ii) environmental factors, and (iii) operational factors.
Since one of the focuses of this thesis is resilience from a network design
perspective, only pipe-related attributes can be directly quantified and calculated.
These attributes include pipe diameter, age, material composition, length, and
wall thickness. As a result, the WA metric provides, at the design phase, a
robust approximation of network resilience without requiring environmental or
operational-related data. To achieve this, this thesis presents a novel measure of
unavailability, incorporating random components and statistical data to account for
environmental and operational-related failure causes.

• The innovative and interactive network design process seamlessly integrates
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these algorithms with the EPANET software validations, ensuring cost-effective
resilience while adhering to hydraulic feasibility constraints in network designs.
This holistic approach reshapes the way resilient water distribution systems are
evaluated and designed.

• In practical terms, these contributions demonstrate substantial benefits in
prioritizing resilience in network design, as evidenced by our case study of Girona.
When comparing a resilient-by-design network to a non-resilient counterpart, a
36% reduction was observed in the probability of water service disruption. Notably,
this reduction not only significantly decreases the average volume of unserved
water per year due to disruption events but also reduces the cost of disruption
repairs per kilometer per year by a significant 32% compared to the non-resilient
design, highlighting its cost-effectiveness. These findings underscore the long-term
advantages of resilience-focused network design. In the case study of Girona, the
implementation of resilience measures effectively safeguards up to a substantial
91,700 cubic meters of water per year from the impact of water disruption events
compared to an equivalent non-resilient design.

• The cost analysis revealed a 3.67% decrease in costs over a 50-year operational
period for the resilient-by-design reclaimed water distribution network (WDN)
solution compared to the baseline of using the conventional drinking water
distribution network (WDN), emphasizing both its cost-effectiveness and long-term
financial benefits. Additionally, the reclaimed WDN solution has the potential to
save a remarkable amount of 27,820,150 cubic meters (556,403 cubic meters per
year) of clean water, a particularly significant figure given the ongoing drought
emergency in our case study region.

• Overall, this thesis not only fills a crucial gap in the literature by focusing
on reclaimed water distribution networks but also demonstrates its adaptability
to other water distribution network (WDN) systems with minimal input data
adaptation. Notably, although resilience is more crucial in drinking WDNs, it is also
increasingly crucial in reclaimed WDNs, particularly in the face of water drought
emergencies exacerbated by climate change. By providing valuable insights and
practical tools for resilient network design, this work significantly advances water
resource management and infrastructure planning.

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

Projects

• The outcomes of this thesis have been successfully integrated into the applied
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research projects CLEaN-Tour and ReUseMP3, which collectively received funding
totaling e 325,500. Additionally, the achievements of this thesis played a pivotal
role in establishing the groundwork for another project, the Reclaimed WaTer
networks (ReWaT) Spanish national project, with the code AEI-010500-2023-339.
As this project approaches its conclusion and has recently secured funding
of 191,437 euros for a one-year duration, bringing together several small and
medium-sized companies, plans are underway for a second phase. The invaluable
findings from this endeavor highlight the importance of ongoing research efforts.
These funding initiatives primarily aim to encourage innovative business groups,
thereby enhancing the competitiveness of small and medium-sized companies.
In particular, the ReWaT project involves a range of companies, including those
focused on sensor technology, auditing, and consulting services.

• A significant portion of the algorithm definitions, implementations, and output
indicator results for the case study, including numerical, on-map, and graphical
data visualizations, are accessible via dedicated public repositories [63, 64].
All algorithms and data will be readily available to municipalities and network
managers, enabling them to leverage the outcomes of this thesis as needed.

• Overall, the integrated solutions presented in this thesis have made significant
contributions to the community and society, encompassing various research projects
and the promotion of open data initiatives. Furthermore, the methods and algorithm
results presented, applied in real-case scenarios, are currently being monitored by
the city councils of Girona, Lloret de Mar, and El Prat del Llobregat.

7.2 Future lines of research

This section outlines future research requirements aimed at enhancing the methodological
approaches and building upon the contributions made thus far in this thesis:

• In Catalonia, COVID-19 prevalence data is currently aggregated only at the
municipality level and at the level of primary health areas (Àrea Bàsica de Salut
(ABS)), which are defined around primary care health centers. To illustrate, sensors
were positioned in the wastewater network at the end of each ABS (the downstream
maintenance hole of each ABS subcatchment) and assessed interference. The
resulting findings indicate significant interference among monitoring sites when
sensors are placed according to ABS, making it an unfavorable option. Therefore,
municipalities should request health authorities to aggregate prevalence data based
on other justified areas, such as those identified in this thesis, to enable validation
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of optimal approaches with real data.

• It is also noteworthy that future endeavors are currently in their initial stages,
intending to utilize the algorithms outlined in this thesis to implement drought
emergency and wastewater surveillance measures. The first measure includes
establishing controlled water-isolate clusters to save clean water and suspending
water service for a specific number of customers during a predetermined timeframe
without disrupting the remainder of the network. Additionally, the other ongoing
project aims to employ the monitoring site placement algorithm to position sensors
for detecting antibiotics in sewage. This initiative seeks to differentiate antibiotic
concentrations between more affluent and poorer city sectors. This project is
conducted within the framework of the EXPOWASTE project, which integrates
human biomonitoring and wastewater-based epidemiology to evaluate exposure to
harmful chemicals and biological agents. Notably, this latter project has already
successfully identified optimal sensor locations and has positioned sensors in the
Girona wastewater network.

• While analyzing the impact and risks of tree roots and street works on wastewater
networks, integrating impact volumes instead of solely focusing on circumference
impact areas would substantially enhance the precision of the algorithms. In
practice, tree roots occupy an irregular but somewhat predictable volume, providing
better insights into the potential risks posed to wastewater networks. Moreover,
future work will be conducted to consider pipe material in the computation of failure
risks which, in practice, affects the failure hazard rate.

• It would also be interesting to verify the tree root risk analysis approach with the
actual city wastewater pipe failure records, as this is the first study that quantifies
pipe failure risk concerning tree roots at a theoretical level. The obtained data
can also be used to improve the existing Artificial Intelligence (AI) algorithm
predictions.

• Consideration may be given to adapting the REWATnet tool based on the country,
enabling automatic extraction of permitted water uses in a given country to ensure
compliance with all regulatory frameworks. This issue may be implemented in the
future phase 2 of the ReWaT project.

• Future research will incorporate pressure pumps and O&M costs directly into the
reclaimed WDN design phase, enabling the evaluation of additional case studies
that require their inclusion in the REWATnet tool. This advancement will further
leverage insights from relevant literature, as discussed in Section 6.4, providing
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valuable frameworks for integrating these considerations. Additionally, the design
solutions could also be compared with decentralized approaches.

• This thesis lays the foundation for tackling more complex problems that have
not been explored yet in the literature. One such challenge is the optimal
and cost-effective placement of necessary sensors to guarantee water quality in
reclaimed WDNs. While the proliferation of the Internet of Things and smart cities
has made complex and automatic sensorization a reality, there remains a pressing
need for strategies that balance effective monitoring and resilient design while
minimizing costs. Therefore, it is proposed that addressing this unresolved issue
can be achieved through the application of principles of graph theory, a method
whose efficacy in solving future urban water management-related issues has been
demonstrated in this thesis.
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