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Chapter 1
Pathways towards sustainable
and resilient urban water systems
Guangtao Fu and David Butler
Centre for Water Systems, University of Exeter, Harrison Building,
North Park Road, Exeter EX4 4QF, United Kingdom

1.1 INTRODUCTION
Urban Water Infrastructure (UWI) plays a central role in safeguarding water security
and public health and welfare. Its main functions include abstracting, treating and
delivering drinking water to communities and cities, collecting and treating
wastewater to a standard before it can be safely discharged into a receiving water
body, and collecting stormwater to prevent urban flooding. Traditionally, UWI
consists of water supply systems, water distribution systems, water treatment
works, urban drainage systems and wastewater treatment works; these systems
were gradually built into a city and were generally designed, operated and
managed in isolation without considering their interdependencies and wide
impacts on the economy and society.
Nowadays, the function of UWI goes far beyond providing water and wastewater
services in cities. The potential value of blue green infrastructure, which is part of
the UWI, is recognised in climate change adaptation, reduction of heat island
impacts, improvement of biodiversity, and community amenity. UWI also plays a
key role in reduction, reuse and recovery of resources through optimisation of the
water-energy-materials nexus, helping embedding a circular economy in our
society. In the era of big data and artificial intelligence, UWI digitalisation is an
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essential component in the development of smart cities. However, operation and
management of UWI systems are faced with huge challenges in population
increase, urbanisation, climate change, stringent regulation and aging
infrastructure (Larsen et al., 2016; Yuan et al., 2019). These challenges are
explained in more detail in Chapter 2. The future UWI needs to meet the
ever-evolving societal needs and challenges to achieve resilient and sustainable
water management.
While it is difficult to define what the next generation UWI looks like, it is
possible to identify the potential pathways that can lead to the future UWI. This
chapter aims to provide such pathways from analysing the historical evolution of
urban water systems. These pathways form a roadmap that provides a broad
guide on the development of UWI. The Safe and SuRe framework is then
introduced for intervention development that aims to transform existing water
systems to sustainable and resilient ones.

1.2 THE EVOLUTION OF URBAN WATER SYSTEMS
Historically, UWI has evolved with the increasing needs of our society, as
demonstrated in Figure 1.1, which shows the transitions framework for urban
water management proposed by Brown et al. (2009). Though this framework was
developed in the context of Australia, it represents a general transition pathway
for cities moving towards sustainable urban water management.
From Roman times, water infrastructure was built to provide drinking water to
growing cities such as Roman aquaducts. This is the stage of ‘water supply city’

Figure 1.1 The transitions of urban water infrastructure (adapted from Brown et al.,
2009).
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which aimed to provide water security for city residents. The Romans also built
artificial drains, amongst which the most well-known is the cloaca maxima, built
to drain the Roman Forum into a river (Butler & Davies, 2010). Only after the
19th century, however, did the extensive sewer system begin to be built in cities
to tackle deteriorating public health problems such as outbreaks of water-borne
diseases (e.g., cholera and typhoid) due to rapid population growth in cities
(Burian et al., 2000). This is the stage of ‘sewered city’ with a focus on the
protection of public health. For example, in London, flush toilets discharging to
cesspits became common around 1770–1780, however, connecting cesspits to the
sewer system remained illegal until 1815 (Butler & Davies, 2010). This resulted
in a serious health problem when the population of London expanded to more
than one million. The only solution was to allow cesspit overflow to be
connected to the sewer system. However, this moved the problem to the River
Thames, which became heavily polluted by the 1850s. Following the great stink
in 1858, an interceptor sewer system was built to take wastewater to the Thames
Estuary, downstream of the main urban areas. Obviously it did not completely
solve the problem but simply moved it downstream, polluting the estuary and its
banks. This pollution problem started to improve only when biological
wastewater treatment began to be built in the 1920s.
In the next stage of water system evolution, the separate sewer system was built
to remove stormwater to tackle urban flooding which had become a high risk for
many cities due to significantly increased impervious areas and population
densities. As early as in the 1840s, Edwin Chadwick suggested the idea of
separate systems, where wastewater is separated from surface runoff, to solve
the River Thames pollution problem (De Feo et al., 2014). However, at that
time, it was impossible due to the complexity and capital costs of the dual
system. It started to be adopted and implemented in practice in developed
countries only after the 1940s. It was a period of rapid population growth and
urbanisation following the Second World War, which significantly increased the
risk of flooding in cities. This is referred to as ‘drained city’, which aimed to
protect the city from flooding by quickly transporting excess stormwater
downstream.
The 1970s saw a rapid environmental movement around the world, as many
people worried about environmental catastrophe following substantial urban
expansion of several decades. In urban water management, the focus was on
reduction of pollutant discharges into water bodies and green measures such as
wetlands, and bio-retention systems began to be developed and implemented in
urban areas. The environmental movement eventually led to the development of
the concept of sustainability in the 1980s. In this period, Sustainable Drainage
Systems (SuDS) were developed in the UK as a new approach for urban
stormwater management, aiming to achieve sustainable development. SuDS
design generally considers achieving the benefits from four categories: water
quantity, water quality, amenity and biodiversity. The concepts of waterways city
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and water cycle city reflect the concerns on environmental protection and limits of
natural resources, respectively.
Water Sensitive Urban Design (WSUD) was a concept initially developed in
Australia and accepted in many other countries. With WSUD, water is given due
prominence within the urban design process through the integration of urban
design with the various disciplines of engineering and environmental sciences
associated with the provision of water services including the protection of
aquatic environments in urban areas, according to the definition by Wong and
Brown (2009). Building on waterways city and water cycle city, water sensitive
city integrates urban water management with the natural and built environment
and seeks to maximize opportunities for living with and exploiting the supply,
use, reuse and management of water and stormwater to enhance and support
human health and well-being by minimising the impacts of urbanisation on the
natural environment and water cycle (Ashley et al., 2013).
Sedlak (2015) presented a different revolution-based pathway for urban water
management, largely driven by tackling human crises through technological
advances. The first revolution was the development of the drinking water supply
system, that is, the first generation of Urban Water Infrastructure (UWI 1.0) to
meet the growing water demand in cities. The second revolution was the
development of the drinking water treatment facility (UWI 2.0) using
technologies such as filtration and chlorination to address the public health crisis
in the late 19th and early 20th centuries. The third revolution was the invention
and deployment of the wastewater treatment facility (UWI 3.0) as exemplified by
activated sludge process to protect the environment. Chapter 2 provides more
information on the historical development of water treatment and wastewater
treatment technologies. The incoming fourth revolution is to achieve
self-sufficiency through diversified water sources such as grey water, stormwater,
and seawater. Again, this will be driven by developing new treatment
technologies to meet stringent water quality standards.

1.3 PATHWAYS TOWARDS SUSTAINABLE WATER
SYSTEMS
While it is difficult to be specific about the characteristics of future urban water
systems, several general trends have become clear through research and practice
in the last several decades: decentralisation, greening, circular economy, and
digitalisation. These could be regarded as the pathways leading towards
sustainable urban water systems (Figure 1.2) and are discussed below.

1.3.1 Decentralisation
Centralisation has been the key design principle of urban water systems from
Romans water supply to modern urban water systems. In a centralised system,
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Figure 1.2 Pathways towards sustainable urban water systems.

water is often taken from a long distance and distributed from water treatment works
(WTWs) at high pressure over a large area; and wastewater and stormwater are
collected again for centralized treatment. Centralised systems, which are currently
the normative and predominating paradigm in developed countries, can achieve
cost savings in capital investments, operations and maintenance based on the
theory of the economy of scale. In a centralised system, however, water, energy
and materials may be unnecessarily lost, wasted and misused. For example, over
3 billion litres of water, which is about 20% of water consumption, is lost daily
through leakage in the water distribution systems of England and Wales
(Consumer Council for Water, 2019). Similarly in sewer systems, some pumping
is unavoidable in many cases to divert wastewater to a centralised treatment
plant, though collection and conveyance of wastewater mostly rely on gravitybased systems.
Decentralised systems have been regarded by many as a new paradigm for the
future water system (Arora et al., 2015). In a decentralised system, water is
supplied from local and diversified sources and wastewater is treated within
individual houses, buildings and communities. The key feature of decentralised
systems is the use of regional or local facilities for water supply and wastewater
treatment without long-distance transport and large-scale facilities (such as water
treatment, wastewater treatment and pumping stations) so that they are more
flexible than centralised systems to adapt to future uncertainties such as
environmental change. Water supply self-sufficiency can be achieved with locally
available water sources through improved water use efficiency, stormwater
harvesting, greywater reuse, and recycled water. Decentralisation represents a
pathway to the fourth urban water revolution envisioned by Sedlak (2015).
There has been much debate on centralised versus decentralised systems
(Makropoulos & Butler, 2010). It was argued that decentralised wastewater
systems would have the same capital, operating and maintenance costs as
centralised systems to achieve similar levels of service (Ho & Anda, 2006), though
decentralised systems are generally thought to have a greater energy and carbon
footprint. Decentralised systems have many economic, social and environmental
benefits, such as water saving through leakage reduction in large water distribution
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networks, flexibility in adapting to changing environments, lifestyle enhancement
due to private green space and property value, and reduction of overflows. It is
also suggested that decentralisation promotes local re-use of water and thus
increase water productivity (Larsen et al., 2016). However, there are many
challenges in developing decentralised systems, such as spatial integration of such
systems, energy intensity, social resistance from the public, lack of clear
legislation, lack of clarity on responsibilities and liabilities (Arora et al., 2015).
Technological advances will make decentralisation more feasible. On-site water
and wastewater treatment can now achieve high water quality standards. For
example, ecological wastewater treatment systems (e.g., wetlands and biofilters)
and package biological plants have been applied in many countries in the world
to treat residential, industrial, and municipal wastewater. Large-scale applications
of these systems could potentially reduce the costs and improve system
performance significantly.

1.3.2 Greening
The idea of green urban structures can be traced back to the concepts of urban
farming and garden allotments in the 1870s (Pötz & Bleuzé, 2011). It is only
since the 1980s, however, that concepts and terminologies, which highlight the
importance of the use of nature-based solutions, have begun to emerge for urban
water management, specifically in the area of urban stormwater management. The
most common terminologies include low impact development (LID), Best
Management Practices (BMPs), sustainable drainage systems (SuDS), water
sensitive urban design, Urban Green Infrastructure (UGI) or Green Infrastructure,
Blue-Green Infrastructure, the Blue-Green City (Thorne, 2020) and the Sponge
City. These terminologies were developed in different countries and contexts and
have different focuses and scopes, however they are all based on the same broad
principle: mitigating the impact of urban developments through mimicking nature
and achieving wider benefits than water quantity and quality (Fletcher et al., 2015).
UGI has a very board scope far beyond water management. The concept of UGI
originated from the field of landscape architecture and ecology in the USA in 1990s;
it has been promoted as a network of near-natural and designed spaces and elements
in cities, planned and maintained in such a way that the infrastructure as a whole
offers high quality in terms of utility, biodiversity and aesthetic appeal while also
delivering a broad range of ecosystem services. Indeed, the following strategic
objectives are normally considered in developing UGI: improving health and
quality of life, conserving biodiversity and ecological integrity, promoting social
cohesion and inclusion, enhancing community resilience to environment change,
boosting local economic development and attracting businesses. In a sense, it
provides ecosystem services to urban residents through the value of green space.
In the field of urban stormwater management, UGI is defined as ‘a network
of decentralized stormwater management practices, such as green roofs, trees,
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rain gardens and permeable pavement, that can capture and infiltrate rain where it
falls, thus reducing stormwater runoff and improving the health of surrounding
waterways’ (Foster et al., 2011). UGI is now widely accepted as part of UWI
and implemented worldwide. It represents an approach that can adapt to local
circumstances and address local concerns. In practice, it is common that the focus
and strategic objective of UGI could vary significantly in different regions and
countries. For example, it is mainly used for water scarcity management in Cape
Town as discussed in Chapter 8.
In England, SuDS is primarily promoted to reduce flood risk. The current
National Planning Policy Framework requires that priorities should be given to
sustainable drainage and the impact of new development on flood risk should be
considered. Non-statutory technical standards set out specific requirements on
flood risk of both outside and inside the development as below (Defra, 2015).
For flood risk outside the development:
‘For greenfield developments, the peak runoff rate from the development to any
highway drain, sewer or surface water body for the 1 in 1 year rainfall event and the
1 in 100 year rainfall event should never exceed the peak greenfield runoff rate for
the same event.
Where reasonably practicable, for greenfield development, the runoff volume from the
development to any highway drain, sewer or surface water body in the 1 in 100 year, 6
hour rainfall event should never exceed the greenfield runoff volume for the same
event.’

For flood risk within the development:
‘The drainage system must be designed so that, unless an area is designated to hold
and/or convey water as part of the design, flooding does not occur on any part of
the site for a 1 in 30 year rainfall event.
The drainage system must be designed so that, unless an area is designated to hold
and/or convey water as part of the design, flooding does not occur during a 1 in
100 year rainfall event in any part of: a building (including a basement); or in any
utility plant susceptible to water (e.g., pumping station or electricity substation)
within the development.
The design of the site must ensure that, so far as is reasonably practicable, flows
resulting from rainfall in excess of a 1 in 100 year rainfall event are managed in
exceedance routes that minimise the risks to people and property.’

The narrow focus on flood risk in English legislation may be useful to encourage
wide adoption of green infrastructure in flood-prone cities. However, its wider
benefits in improving water security, urban pollution, ecosystem integrity, carbon
reduction, public health and well-being should be recognised in the planning
process (Thorne, 2020). Indeed, substantial evidence shows that it is an effective
way to reduce the risks of climate extremes (Royal Society, 2014). The United
Nations’ Sustainable Development Goals and New Urban Agenda call for
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increased efforts in the development of UGI to tackle urban challenges and UGI
should be put at the heart of governments’ policies to achieve the long-term
resilience and sustainability of cities.
The challenge of moving towards greening urban water infrastructure also lies in
large-scale impact assessment and implementation, in addition to legislations,
cost-effectiveness and community engagement. The delivery of expected services
from UGI relies on spatial integration of individual green spaces and components,
as implied in its definition as a network. This should go beyond urban
catchments, where the focus is primarily on stormwater and wastewater
management, to include the surrounding hinterlands and wider rural catchments.
Nature-based solutions have been promoted for flood and water resources
management at the catchment and river basin scales; they can improve the quality
of water supply sources and reduce the fluvial flood risk in cities.

1.3.3 Circular economy
1.3.3.1 The linear model
The development of UWI has been following a linear ‘take-make-use and dispose’
model of growth in which resource recovery and reuse are not considered in the
planning and design process, as illustrated in Figure 2.3 in Chapter 2. Historically,
water resources were taken from the surrounding hinterlands or across river basins
to meet growing water demands in cities; wastewater and storm water were
regarded as waste products which need be removed from the site as soon as
possible for treatment and disposal. Even today, linear thinking is still widely used
to tackle water problems in many countries. When the local water sources run dry
or become polluted, water is transferred from further away. This can be illustrated
using the example of China where water is taken from an ever-longer distance via
inter-basin water transfer projects to supply water scarce cities (Figure 1.3).
China has constructed a large number of water transfer projects to meet
burgeoning water demands from rapidly urbanizing cities and expanding
economies across its 10 first-order basins (Figure 1.3a). Water is transferred
mainly from the Yangtze, Yellow and Southwest River basins to the Hai, Huai
and Yellow River basins. It should be noted that the Yellow River Basin delivers
water to other basins while receiving water mainly from the Yangtze River. The
inter-basin water transfer capacity had been steadily increasing until 2000 when a
building boom occurred to meet demands from rapidly expanding cities and
economies (Figure 1.3b). One of the key projects constructed was the largest
South-to-North water transfer project in the world; it includes eastern and central
routes, each of which covers a distance of more than 1000 km and crosses four
major river basins: the Yangtze River, Yellow River, Huai River, and Hai River,
with a capacity of 25 billion m3 yr−1 (Ding et al., 2020). As a result, in 2016,
∼48.3 billion m3 yr−1 could be transferred via open channels or pipelines,
many of which require pump stations. This is compared to the total demand of
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Figure 1.3 Inter-basin water transfer projects in China. (a) The water transfer
volumes and directions. (b) Annual increase in water transfer capacity since 1950s.

∼600 billion m3 yr−1 in China, which includes residential, industrial, agricultural and
ecological demands. The residential water demand was about 82.2 billion m3 yr−1 in
2016. The large scale of water transfer in China demonstrates the dominance of linear
thinking in the practical water management and the challenges in achieving water
supply self-sufficiency in the region and river basin levels.
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1.3.3.2 The circular economy model
The circular economy model, an alternative to the linear model, would turn goods at
the end of their service life into resources for others, promoting reuse, recycle, repair
and recovery of resources where possible. A shift to a circular economy could
reduce greenhouse gas emissions by up to 70% by 2030, according to a study of
seven European countries (Stahel, 2016). From the perspective of circular
economy, the urban water system is defined as an integrated system of water
supply, water consumption, wastewater and stormwater, where the resources
including water, energy and materials (e.g., chemicals and biosolids) are used
sustainably and recovered fully where possible (IWA, 2016).
The next generation urban water infrastructure, UWI 4.0, should be built on the
concept of circular economy to provide a continuous positive development cycle
that preserves and enhances natural capital, optimises resource yields, and
maximizes resource value at each component of a system by managing finite
stocks and renewable flows. A key challenge is to close the resources loop in
linear water systems. Figure 1.4 shows the interlinks between resources and
urban water infrastructure.
The inner resources loop represents the complex interrelations between water,
energy and materials. The inner loop should be viewed in the context of waterenergy-environment nexus, which is one grand challenge facing humanities. The
water-energy-environment nexus has drawn increasing attention in recent years as
the ‘perfect storm’, where water, energy, food and environment crises could

Figure 1.4 The water-energy-materials nexus with the urban water system.
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occur simultaneously and thus significantly exaggerate the situation, became a
concern for policy and decision makers (Olsson, 2015). The water sector is an
energy-intensive sector, which consumes 4% of the energy globally.
Understanding the nexus in the urban water systems is key to: (1) identify the
fundamental and critical interrelations between factors; and (2) identify options to
improve resource efficiency.
The outer water infrastructure loop integrates various water systems as an entire
urban water infrastructure system. The outer loop builds on the integrated approach
for urban water management (Butler & Schütze, 2005; Fu et al., 2008). This requires
a system of systems approach to consider interdependent natural, infrastructure and
economic systems of different scales such as the hydrological system, land use,
agricultural system, transportation system, building system, and social system
(Bach et al., 2014). Chapter 10 discusses the latest advances in integrated
modelling and control of urban wastewater systems.
The two loops are intertwined. The architecture of water infrastructure will shape
the flows of resources, while the nexus of water, energy and materials will determine
the performance of water infrastructure. For example, the ‘sulfide problem’ in
sewers, where sulfate (SO2−
4 ) in wastewater is biologically converted into toxic
hydrogen sulfide gas (H2S) and further to corrosive sulfuric acid (H2SO4) under
anaerobic conditions, leads to noxious odours and damage to sewer systems.
Recent research reported that replacing a coagulant in the treatment of water, the
SO2−
4 concentration in the wastewater can be reduced such that H2S no longer
affects sewer infrastructure (Pikaar et al., 2014; Rauch and Kleidorfer, 2014).
This example shows how the use of material in water treatment can affect the
system performnace of the downstream sewers.
Understanding the two loops and their linkages is key to moving towards UWI
4.0. Research challenges remain in many areas, such as identifying key resources
flows and their impacts on the nexus of water-energy-materials, characterising the
UWI to maximize the reuse and recovery of resources, developing new
approaches to upgrade and retrofit existing water systems. Such systems should
be able to adapt to future uncertainties, while supporting both rural and urban
communities and economies.

1.3.4 Digitalisation
The use of data analytics to support decisions on urban water management can be
traced back to the work of John Snow in the 1850s when he analysed the spatial
data of cholera victims in London to identify the source of the cholera outbreak
(Eggimann et al., 2017). This exemplar case illustrates the importance of data
availability in tackling public health crises. Since then, data analytics has played
an ever-increasing role in improving urban water and wastewater services. One
of the milestones is the development and application of computer models for
water management that emerged in the 1950s. This led to the establishment of a
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new research area: hydroinformatics (Abbott, 1991). In the early 2000s, new
opportunities arose for water research communities and water utilities when
deep learning technologies began to be developed and applied to a range of
industries.
The Smart Water Networks Forum used a five-layer architecture to describe
smart water networks (SWAN, 2020). This architecture is revised here to
represent the key components of smart urban water infrastructure: physical
infrastructure, sensing and control, collection and communication, data
management and decision support systems, and data analytics and artificial
intelligence. Figure 1.5 illustrates the five-layer architecture using the water
supply system.
The physical layer consists of the grey and green structures that carry out
hydrological, hydraulic, chemical and ecological functions (e.g., infiltration,
storage, conveyance, treatment and purification of water, stormwater or
wastewater) in the UWI system, such as swales, retention ponds, reservoirs,
combined sewer overflows, storage tanks, pipes, water and wastewater treatment
facilities. The evolution of the physical layer is described in Section 1.2.
The sensing and control layer consists of sensors, controllers, and actuators
that carry out the remote control function. This layer is the hardware part that
sits in or comes into contact with the physical water infrastructure, such as flow
and pressure sensors, and remote-controlled devices. Those components (e.g.,
gates, valves), which cannot be remote-controlled, are part of the physical
layer, as they do not have the data interfaces as part of the UWI smartness.

Figure 1.5 The architecture of urban water systems (adapted from SWAN, 2020).
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The collection and communication layer carries out data collection, transmission,
and storage functions. This layer relies on information and communication
technologies such as mobile networks, satellites, and cloud data storage and thus
is closely linked with cyber and communications infrastructure.
The next two layers – data management and decision support, and data analytics
and AI – are the soft part of the architecture, which aims to provide optimal planning
and management of UWI. It consists of databases, decision support systems,
computer simulation models, machine learning and artificial intelligence algorithms.
The development of Instrumentation, Control and Automation (ICA) systems is a
key part of the digitalisation pathway. ICA began to be applied in the water and
wastewater treatment works as early as the 1970s (Yuan et al., 2019). In the last
decades, it has gained wide application in the water and wastewater industry,
mainly due to the following reasons: (1) increasing pressure on the existing
system capacity from urbanisation, climate change, stringent regulation, and
aging infrastructure; (2) advances in the development of ICA technologies which
enable real-time data collection and control while driving down the cost of ICA
system installation; (3) increasing computing power that enables real-time, online
optimisation; and (4) advances in the field of hydroinformatics with significantly
improved modelling and predictive accuracy.
Digitalisation will not only transform how UWI is planned, operated and
managed but will span into a wide range of issues including the nature of
workforce operations, customer experience, and the role of the water sector in the
development of smart and sustainable cities (IWA, 2019).
It should be noted that these pathways towards sustainable urban water systems
are not mutually exclusive but inter-connected. For example, digitalisation
can crossover all other pathways as digital solutions can be implemented to
monitor and control green infrastructure, improve resource recovery efficiency
through optimal control of the water-energy-material nexus, and accelerate
decentralisation through autonomous operations of water systems locally and at a
small scale rather than in a centralised control room.

1.4 A NEW PARADIGM TOWARDS SUSTAINABLE
WATER MANAGEMENT
A fundamental question remains open: how do we know if an urban water system is
sustainable? A prerequisite for this question is that the targets or ending points for
sustainable water systems are known. It is been suggested that sustainability is not
about the destination but better conceptualized as a journey (Butler & Davies, 2010).
The four pathways discussed above provide a broad guide on the journey towards
sustainable water systems. To ensure that our journey follows the pathways,
performance measures are needed to assess the efficiency and effectiveness of the
delivery of services from water infrastructure systems and provide an insight on
where we are compared to past values, targets or other systems’ performance;
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frameworks are needed to develop intervention strategies to improve the system
performance so that we do not move away from the pathways.
In this section, the intervention framework developed from the Safe & SuRe
project is suggested as a new paradigm that enables the transformation of
the existing water system towards a more sustainable and resilient one. More
information can be found in the work by Butler et al. (2016).

1.4.1 Performance measures
It is argued that the performance of urban water systems can be broadly described
within three categories: reliability, resilience and sustainability (Butler et al.,
2016), which are explained below.
Reliability has been at the heart of water system design and management for
centuries. System reliability is defined as ‘the degree to which the system
minimises level of service failure frequency over its design life when subject to
standard loading’ (Butler et al., 2016). It is generally interpreted as a probabilistic
term considering uncertain design circumstances (e.g., stress and shock) and
system responses which could occur within a specified design life. In the context
of hydraulic reliability, the water distribution system design problem is normally
to maximize the likelihood of water demand and/or pressure being met across
all the nodes in the network and/or over an extended period where projected
demands during normal or emergency water supply are considered. The sewer
system design problem normally aims to minimize the likelihood of sewer
flooding or surcharge across the network, given design rainfall events.
Wastewater treatment plants are designed for the specified effluent quality being
met. Reliability-based design and management aims to provide fail-safe
performance. In other words, it simply aims to avoid failure as far as is
(cost-effectively) possible but does not consider what happens when failure occurs.
The concept of resilience has been developed in the last decades to handle
failures which occur when the system is subject to extreme shocks, exceeding the
design conditions. In this context, resilience is defined as ‘the degree to which the
system minimises level of service failure magnitude and duration over its design
life when subject to exceptional conditions’ (Butler et al., 2016). Essentially,
resilience is a measure of system performance during or after a failure event, such
as, can the system fail slowly, to what extend and magnitude the system can fail,
how quickly and to what level can the system recover? There are various
resilience measures for water distribution systems (Diao et al., 2016; EPA, 2015;
Meng et al., 2018; Zhan et al., 2020), urban drainage systems (Mugume et al.,
2015; Wang et al., 2019) and wastewater treatment plants (e.g., Juan-García
et al., 2017; Meng et al., 2017; Sweetapple et al., 2017). All these measures aim
to minimize the magnitude and duration of failure. Note, resilience has also been
interpreted in a much broader context to include system properties and
institutional capacity such as preparedness, recovery, robustness, redundancy,
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resourcefulness, and vulnerability. Resilience-based design and management aims
to overcome failure and embraces a more ‘safe to fail’ concept.
Sustainability is typically represented by three pillars: social, economic and
environmental. Thus, it is defined as ‘the degree to which the system maintains
levels of service in the long-term whilst maximising social, economic and
environmental goals’ (Butler et al., 2016). This reflects the situation where many
water infrastructure systems can provide services beyond their design life. For
example, many sewer systems built in the Victorian era are still used today in the
UK. Sustainability indicators vary greatly dependent on their purposes, contexts
and users. For example, the International Water Association provided a
comprehensive set of performance indicators for water supply services, which
covers water resources, personnel, physical, operational, quality of service and
economic and financial indicators (Alegre et al., 2017). This is compared to a set
of 18 indicators, grouped in the following four areas: customer experience,
reliability and availability, environmental impact, and financial, which are used
by the regulator Ofwat to measure the performance of water utilities in England.
Sustainability aims to measure the performance at all levels, both above and
below the required level of services.
Reliability, resilience and sustainability seem to cover different aspects of
performance, yet are interlinked with a relationship: reliability is necessary but
not sufficient for resilience, and resilience is necessary but not sufficient for
sustainability. It is necessary to simultaneously consider multiple performance
measures in the planning and management process (Casal-Campos et al., 2015;
Fu et al., 2013).

1.4.2 Intervention framework
1.4.2.1 Four types of intervention
The Safe & SuRe framework for interventions development, as shown in Figure 1.6,
describes the relationships between threats, UWI, impacts and consequences,
and identifies four types of interventions that can be implemented to achieve
long-term resilience and sustainability. A key feature of the framework is
the distinction between impact and consequence. Impact describes the
non-compliance degree of water services delivered by UWI, while consequences
represent social, economic and environmental outcomes for a recipient from
any impact.
Mitigation addresses the link between threat and water infrastructure and aims to
reduce the likelihood, magnitude and duration of a threat through local or global
actions. Examples include measures to reduce greenhouse gas emissions to
mitigate climate change impacts which then reduce the likelihood of extreme
weather, that is, an external threat to UWI.
Adaptation addresses the link between UWI and impact and is defined as any
action to modify specific system properties aiming to enhance the system
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Figure 1.6 The new paradigm for sustainable urban water systems: Safe & SuRe.

capacity. It addresses the system failure that could result from any threats that cannot
be mitigated. An example is use of green infrastructure to reduce urban flooding.
The focus is on the UWI and its failure models, so it does not matter whether
flooding results from climate change or urbanisation.
Coping addresses the link between impact and consequences and is defined
as ‘any preparation or action taken to reduce the frequency, magnitude or
duration of the effects of an impact on a recipient’ (Butler et al., 2016). In an
event of flooding, the consequences include damages to properties and traffic
interruptions; the corresponding coping measures can be buying house insurance
and taking a different route to avoid the flooded areas, respectively.
Learning addresses the link between consequences and threats, which closes the
loop of the threat-system-impact-consequence chain. It aims to embed experiences
and new knowledge for best practice. Examples of learning approaches include
developing best practice from past events, and establishing pilot schemes to gain
new knowledge or demonstrate best practice.

1.4.2.2 Analysis approaches
Distinguishing the four types of intervention maximizes the opportunity to develop
effective intervention strategies. This is explicitly explored through four analysis
directions: top-down, middle state-based, bottom-up and circular (Figure 1.7).
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Figure 1.7 Four analysis approaches using the Safe & SuRe paradigm. Interlocking
circles are interpreted in Figure 1.6. (a) Top-down. (b) Middle-based. (c) Bottom-up.
(d) Circular. (Adapted from Butler et al., 2016.)

The top-down approach starts from identifying and characterising the potential
threats, and then propagates them through the water system to analyse the impact
or consequences. This is the most commonly used approach in water
management. For example, flood risk assessment is a typical top-down approach,
and it assesses the consequences of hazards (e.g., rainfall events) on the water
system. In practice, it is common to consider a single threat or consider different
threats separately for assessment. Though there are numerous studies on
characterising threats and their uncertainties, the key challenge with this approach
lies in the identification of all threats, in particular, black swan (unknown) events,
which are of most concern in achieving long-term resilience. Further, the
top-down approach has difficulty in identifying effective interventions in the
water system as their links to threats are often unclear.
The middle-based approach starts from identifying failure modes in the water
system and then assesses their effects. It shifts the emphasis from identification of
multiple threats to system failure modes (i.e., middle states), which are normally
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well-understood by domain experts. Most importantly, this makes it easier to
identify interventions in response to system failure so that system performance
could be improved. Compared to the top-down approach, this approach can
effectively address multiple threats (including unknown events), which may result
in the same system failure mode, in a single analysis. Global resilience analysis
can be conducted on the basis of the middle-state approach for the water
distribution system (e.g., Diao et al., 2016), urban drainage (Mugume et al.,
2015) and urban wastewater system (Sweetapple et al., 2019).
The bottom-up approach starts from identification of potential social, economic,
or environmental consequences and then assesses interventions to reduce these
consequences. This approach focuses on vulnerability reduction in the face of
various threats and deep uncertainties and is increasingly used in water resource
management in response to climate change (e.g., Poff et al., 2016). It should be
noted that the approach may start at either the impact stage or the system stage
and proceed anticlockwise when the focus is on the water infrastructure and its
service levels (i.e., impacts).
The circular approach encompasses all components of the framework with a
focus on learning. When the three types of interventions, that is, mitigation,
adaptation and coping are implemented in a strategy, it is important to understand
their combined effects so that new knowledge could be gained and necessary
adjustments to interventions could be implemented as part of the learning process.

1.5 CONCLUSIONS
This chapter analyses the potential pathways moving from the water systems of
today to the next generation of systems. Four pathways are identified through the
analysis of the historical evolution of urban water systems: decentralisation,
greening, circular economy and digitalisation. These four pathways, which are
not mutually exclusive but inter-connected, form a roadmap that provides a broad
guide on the development of UWI towards sustainable water management. Three
categories of performance measure, that is, reliability, resilience and
sustainability, are suggested to assess the performance of water systems. The Safe
and SuRe framework is then introduced for intervention development that can
transform existing water systems to sustainable and resilient ones. This
framework maximizes the opportunities to develop different types of
interventions through four analysis approaches: top-down, middle state-based,
bottom-up and circular.
Achieving smart and resilient water systems is a huge challenge. It requires an
overhaul of institutional and regulatory systems, which explicitly facilitate the
transformation through the Safe and SuRe framework to improve system
performance. There are already many initiatives, such as Water Wise Cities
promoted by the International Water Association, and many pilot cities practising
along the pathways in the world, as discussed in the following chapters. This will
provide valuable insight in the journey of water system transformation.

Downloaded from http://iwaponline.com/ebooks/book/chapter-pdf/833489/9781789060768_0003.pdf
by guest

Pathways towards sustainable and resilient urban water systems

21

ACKNOWLEDGEMENTS
We would like to acknowledge the financial support from the UK EPSRC (Refs:
EP/N010329/1 and EP/K006924/1) and Royal Society (Refs: IF160108 and
IEC\NSFC\170249). Guangtao Fu is also supported by The Alan Turing Institute
under the EPSRC (Ref EP/N510129/1).

REFERENCES
Abbott M. B. (1991). Hydroinformatics: Information Technology and the Aquatic
Environment. Avebury, UK.
Alegre H., Baptista J. B., Cabrera E., Cubillo F., Duarte P., Hirner W., Merkel W. and Parena
R. (2017). Performance Indicators for Water Supply Services. IWA Publishing,
London, UK.
Arora M., Malano H., Davidson B., Nelson R. and George B. (2015). Interactions between
centralized and decentralized water systems in urban context: a review. Wiley
Interdisciplinary Reviews: Water, 2(6), 623–634. doi: 10.1002/wat2.1099
Ashley R., Lundy L., Ward S., Shaffer P., Walker L., Morgan C., Saul A., Wong T. and
Moore S. (2013). Water-sensitive urban design: opportunities for the UK.
Proceedings of the Institution of Civil Engineers: Municipal Engineer, 166(2), 65–76.
doi: 10.1680/muen.12.00046
Bach P. M., Rauch W., Mikkelsen P. S., Mccarthy D. T. and Deletic A. (2014). A critical review
of integrated urban water modelling – urban drainage and beyond. Environmental
Modelling and Software, 54, 88–107. doi: 10.1016/j.envsoft.2013.12.018
Brown R. R., Keath N. and Wong T. H. F. (2009) Urban water management in cities:
historical, current and future regimes. Water Science and Technology, 59(5),
847–855. doi: 10.2166/wst.2009.029
Burian S. J., Nix S. J., Pitt R. E. and Durans S. R. (2000). Urban wastewater management in
the United States: past, present, and future. Journal of Urban Technology, 7(3), 33–62.
doi: 10.1080/713684134
Butler D. and Davies J. W. (2010). Urban Drainage, 3rd edn. Spon Press, London, UK.
Butler D. and Schütze M. (2005). Integrating simulation models with a view to optimal
control of urban wastewater systems. Environmental Modelling and Software, 20,
415–426.
Butler D., Ward S., Sweetapple C., Astaraie-Imani M., Diao K., Farmani R. and Fu G. (2016).
Reliable, resilient and sustainable water management: the Safe and SuRe approach.
Global Challenges, 1(1), 63–77. doi: 10.1002/gch2.1010
Casal-Campos A., Fu G., Butler D. and Moore A. (2015). An integrated environmental
assessment of green and gray infrastructure strategies for robust decision making.
Environmental Science and Technology, 49(14), 8307–8314. doi: 10.1021/es506144f
Consumer Council for Water. (2019). Water Water Anywhere. Available online: https://
www.ccwater.org.uk/wp-content/uploads/2019/09/Water-water-everywhere-deliveri
ng-resilient-water-and-waste-water-services-2018-19.pdf, (accessed 28 August 2020).
Defra. (2015). Non-statutory Technical Standards for Sustainable Drainage Systems.
Available online: https://assets.publishing.service.gov.uk/government/uploads/sys
tem/uploads/attachment_data/file/415773/sustainable-drainage-technical-standards.
pdf, (accessed 28 August 2020).

Downloaded from http://iwaponline.com/ebooks/book/chapter-pdf/833489/9781789060768_0003.pdf
by guest

22

Water-Wise Cities and Sustainable Water Systems

De Feo G., Antoniou G., Fardin H. F., El-Gohary F., Zheng X., Reklaityte I., Butler D.,
Yannopoulos S. and Angelakis A. N. (2014). The historical development of sewers
worldwide. Sustainability, 6, 3936–3974. doi: 10.3390/su6063936
Diao K., Sweetapple C., Farmani R., Fu G., Ward S. and Butler D. (2016). Global resilience
analysis of water distribution systems. Water Research, 106, 383–393. doi: 10.1016/j.
watres.2016.10.011
Ding W., Liu H., Li Y., Shang H., Zhang C. and Fu G. (2020). Unravelling the effects of longdistance water transfer for ecological recharge. Journal of Water Resources Planning
and Management, 146(9), 02520004. https://doi.org/10.1061/(ASCE)WR.19435452.0001272
Eggimann S., Mutzner L., Wani O., Schneider M. Y., Spuhler D., de Vitry M. M., Beutler P.
and Maurer M. (2017). The potential of knowing more: a review of data-driven urban
water management. Environmental Science and Technology, 51(5), 2538–2553.
doi: 10.1021/acs.est.6b04267
EPA. (2015). Systems Measures of Water Distribution System Resilience. U.S.
Environmental Protection Agency, Washington, DC. EPA/600/R-14/383.
Fletcher T. D., Shuster W., Hunt W. F., Ashley R., Butler D., Arthur S., Trowsdale S.,
Barraud S., Semadeni-Davies A., Bertrand-Krajewski J. -L., Mikkelsen P. S.,
Rivard G., Uhl M., Dagenais D. and Viklander M. (2015). SUDS, LID, BMPs,
WSUD and more – The evolution and application of terminology surrounding
urban drainage. Urban Water Journal, 12(7), 525–542. doi: 10.1080/1573062X.
2014.916314
Foster J., Lowe A. and Winkelman S. (2011). The Value of Green Infrastructure for Urban
Climate Adaptation. Centre for Clean Air Policy, Washington, DC.
Fu G., Butler D. and Khu S. T. (2008). Multiple objective optimal control of integrated urban
wastewater systems. Environmmental Modelling and Software, 23, 225–234.
Fu G., Kapelan Z., Kasprzyk J. and Reed P. (2013). Optimal design of water distribution
systems using many objective visual analytics. Journal of Water Resources Planning
and Management, 139(6), 624–633.
Ho G. and Anda M. (2006). Centralised versus decentralized wastewater systems in an
urban context: the sustainability dimension. In: Proceeding of the 2nd IWA LeadingEdge Conference on Sustainability, B. Beck and A. Speers (eds.), IWA Publishing,
London.
IWA. (2016). Water Utility Pathways in a Circular Economy. IWA Publishing, London, UK.
IWA. (2019). Digital Water: Industry Leaders Chart the Transformation Journey. IWA
Publishing, London, UK.
Juan-García P., Butler D., Comas J., Darch G., Sweetapple C., Thornton A. and
Corominas L. (2017). Resilience theory incorporated into urban wastewater systems
management. State of the art. Water Research, 115, 149–161. doi: 10.1016/j.watres.
2017.02.047
Larsen T. A., Hoffmann A., Lüthi C., Truffer B. and Maurer M. (2016). Emerging solutions to
the water challenges of an urbanizing world. Science, 352(6288), 928–933.
Makropoulos C. K. and Butler D. (2010). Distributed water infrastructure for sustainable
communities. Water Resources Management, 24(11), 2795–2816. doi: 10.1007/
s11269-010-9580-5

Downloaded from http://iwaponline.com/ebooks/book/chapter-pdf/833489/9781789060768_0003.pdf
by guest

Pathways towards sustainable and resilient urban water systems

23

Meng F., Fu G. and Butler D. (2017). Cost-effective river water quality management using
integrated real-time control technology. Environmental Science and Technology, 51
(17), 9876–9886. doi: 10.1021/acs.est.7b01727
Meng F., Fu G., Farmani R., Sweetapple C. and Butler D. (2018). Topological attributes of
network resilience: a study in water distribution systems. Water Research, 143,
376–386. doi: 10.1016/j.watres.2018.06.048
Mugume S. N., Gomez D. E., Fu G., Farmani R. and Butler D. (2015). A global analysis
approach for investigating structural resilience in urban drainage systems. Water
Research, 81, 15–26. doi: 10.1016/j.watres.2015.05.030
Olsson G. (2015). Water and Energy: Threats and Opportunities. IWA Publishing, London.
https://doi.org/10.2166/9781780406947
Pikaar I., Sharma K. R., Hu S., Gernjak W., Keller J. and Yuan Z. (2014). Reducing sewer
corrosion through integrated urban water management. Science, 345 (6198), 812–814.
doi: 10.1126/science.1251418
Pötz H. and Bleuzé P. (2011). Urban Green-blue Grids for Sustainable and Dynamic Cities.
Coop for Life, Delft. ISBN 978-90-818804-0-4.
Poff N. L., Brown C. M., Grantham T. E., Matthews J. H., Palmer M. A., Spence C. M., Wilby
R. L., Haasnoot M., Mendoza G. F., Dominique K. C. and Baeza A. (2016). Sustainable
water management under future uncertainty with eco-engineering decision scaling.
Nature Climate Change, 6(1), 25–34. doi: 10.1038/nclimate2765
Rauch W. and Kleidorfer M. (2014). Replace contamination, not the pipes. Science, 345
(6198), 734–735.
Royal Society. (2014). Resilience to Extreme Weather. Available online: https://
royalsociety.org/topics-policy/projects/resilience-extreme-weather/, (accessed 28
August 2020).
Sedlak D. (2015). Water 4.0: The Past, Present, and Future of the World’s Most Vital
Resource. Yale University Press, Yale, USA.
Stahel W. R. (2016). The circular economy. Nature, 531, 435–438. doi:10.1038/531435a
SWAN. (2020). A Layered View of Data Technologies for the Water Distribution Network.
Available
online:
https://www.swan-forum.com/swan-tools/a-layered-view/,
(accessed 26 August 2020).
Sweetapple C., Fu G. and Butler D. (2017). Reliable, robust, and resilient system design
framework with application to wastewater-treatment plant control. Journal of
Environmental Engineering (United States), 143(3), 04016086. doi: 10.1061/(ASCE)
EE.1943-7870.0001171
Sweetapple C., Fu G., Farmani R. and Butler D. (2019). Exploring wastewater system
performance under future threats: does enhancing resilience increase sustainability?
Water Research, 149. doi: 10.1016/j.watres.2018.11.025
Thorne C. R. (2020). Blue-green Cities: Integrating Urban Flood Risk Management with
Green Infrastructure. ICE Publishing, London.
Wang Y., Meng F., Liu H., Zhang C. and Fu G. (2019). Assessing catchment scale flood
resilience of urban areas using a grid cell based metric. Water Research, 163, 114852.
doi: 10.1016/j.watres.2019.114852
Wong T. H. F. and Brown R. R. (2009). The water sensitive city: principles for practice. Water
Science and Technology, 60(3), 673–682. http://dx.doi.org/10.2166/wst.2009.436

Downloaded from http://iwaponline.com/ebooks/book/chapter-pdf/833489/9781789060768_0003.pdf
by guest

24

Water-Wise Cities and Sustainable Water Systems

Yuan Z., Olsson G., Cardell-Oliver R., van Schagen K., Marchi A., Deletic A., Urich C.,
Rauch W., Liu Y. and Jiang G. (2019). Sweating the assets – the role of
instrumentation, control and automation in urban water systems. Water Research,
155, 381–402. doi: 10.1016/j.watres.2019.02.034
Zhan X., Meng F., Liu S. and Fu G. (2020). Comparing performance indicators for assessing
and building resilient water distribution systems. Journal of Water Resources Planning
and Management, 146(12), 06020012. doi.org/10.1061/(ASCE)WR.1943-5452.
0001303

Downloaded from http://iwaponline.com/ebooks/book/chapter-pdf/833489/9781789060768_0003.pdf
by guest

