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Abstract: Sustainable Urban Water Management (SUWM) approaches highlighted in this special
issue have the potential to contribute to the transformation of urban water systems. The aim of the
transformation is to accommodate population and economic growth and at the same time enable
a system which is environmentally sustainable and resilient to future challenges such as climate
change. These approaches have increasingly entered mainstream dialogue over the last ten years
as knowledge on the approaches has developed, and there is an acceptance that there needs to be a
change to how urban water systems are designed and operated. However, there are still a range of
aspects of these approaches that are maturing and require further research to realize the objectives of
SUWM. The issue explored supply-side interventions, such as rainwater harvesting and stormwater
harvesting, demand-side interventions, and water storage solutions that have the potential to enable
a range of recycling technologies. The issue also highlighted a novel method for better managing the
integrity of a conventional sewer system. Furthermore, there are articles that explore methods for
integrated assessments, integrated decision making and an exploration of what factors may promote
community adoption of technology.

Keywords: sustainable urban water management; rainwater harvesting; water conservation; hybrid
water supply systems; spatial planning; soil moisture investigation; managed aquifer recharge;
urban flooding

1. Introduction

The traditional approach to providing urban water services has focused on providing drinking
water for all purposes, treating wastewater and then discharging to receiving waters, and conveying
stormwater rapidly away from urban areas to prevent flooding. These urban water management
approaches have provided many public health and other benefits to urban populations. However,
there is now an improved understanding that traditional urban water management approaches are
also exacerbating urban sustainability challenges, such as inefficient use of resources and degraded
ecosystems. Potential climate change impacts, such as increased flash flooding and continued rapid
urban population growth that brings about disruption of ecosystems and pollution of natural water
bodies [1] will compound these challenges.

As we move into the urban age [2], where most of the global population will live in cities [3], there
is a need to transition to a more sustainable urban water management paradigm that can support the
provision of safe and reliable water services, while contributing to more resilient and equitable cities.

Sustainable Urban Water Management (SUWM) can be defined as [4]: “an aspiration which
reflects a generalized goal to manage the urban water cycle to produce more benefits than traditional
approaches have delivered and therefore enhance social, ecological and economic sustainability at
various scales”.
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The transition is generally thought to include technologies that help manage urban runoff (i.e.,
stormwater harvesting, water sensitive urban design and rainwater harvesting), increased efforts to
close the loop (i.e., water recycling), diversification and increased decentralization of supply sources
(i.e., hybridization of water supply systems), provision of enough water for urban greening, increased
water efficiency and conservation efforts, and efforts to reduce pollution loads going into waterways.

There is now a large body of literature on the topic of Sustainable Urban Water Management
and similar terms. Fletcher et al. [5] undertook a thorough review of terminology associated with
urban stormwater management, which highlighted that all terms are underpinned by the principles of
reducing disturbance to natural hydrology and mitigating the water quality impacts of urbanization, and
showed that there are subtle differences in the scope and focus of terms [5]. Often, these terms around
SUWM can be viewed as a component of broader ecologically sustainable development approaches [6].
The use of terminology in the literature related to SUWM can refer to the water-sensitive management
of urban stormwater [7], the increasing level of decentralization of infrastructure networks which
eventually tends to turn centralized infrastructure networks into hybrid water supply systems [8],
and the overall trend towards more climate adapted urban water systems that are resilient to natural
disasters, drought, and other climate extremes [9-11]. In China, the term “sponge city” [12-14] is
gaining traction, and also generally refers to an approach that is designed to mitigate the impacts
of urbanization on waterways, particularly flooding, poor water quality and water scarcity, while
concurrently adapting to projected climate change impacts [15]. There is a range of terms that are used
to describe approaches designed to achieve the aspiration of SUWM. As the Swedish proverb states “a
beloved child has many names”. Ultimately, these terms generally refer to a broad transformational
sustainability agenda for urban water management with broadly common goals.

The shared objectives across different contexts for more sustainable urban water management is
not surprising. This can be viewed as a natural progression from past historical states [16], which are
responding to environmental pressure and societal expectations. Nonetheless, there is some inertia in
the progression towards sustainable urban water management (for simplicity, we will use this as an
overarching term), which indeed has been observed [17], and this perhaps relates to issues such as:

e  Sunk costs in legacy infrastructure systems, which are embedded in the socio-technical context
of cities. This includes the vested interests and inherent institutional, social and cultural power
structures and knowledge base that is associated with this infrastructure [4].

e  Uncertainty in the implementation of new solutions, sometimes causing both under-performance
as well as unintended consequences [18,19]. This is often not related to an inherent fault in new
approaches but instead simply highlights the inherent learning processes that need to be in place
so that institutional capacity can be developed [20,21].

e  Macro-level drivers, such as those related to cost-effectiveness, which may be challenged by
new approaches. For example, decentralized systems, a key strategy for resilience, can lead
to higher costs due to reduced economies of scale, and because solutions consider more than
traditional cost-benefits by including social and environmental externalities. Therefore, often
only decision-making approaches that consider integrated benefits and costs will lead to solutions
that are aligned with SUWM.

The transformation towards SUWM is therefore not just technological in nature. It is necessary
but insufficient to identify and test the technologies that have the potential to achieve the desired
goals. In fact, for widespread adoption of practices, the transformation will require the consideration
of diverse stakeholder views, which can account for potential dissonance between individual goals
and public goals. This calls for approaches that bring forward urban water solutions that equitably
consider broader sustainability benefits across social, environmental, and economic dimensions.
Transformation of complex systems, such as urban water systems, to more sustainable configurations,
is often non-linear and emerges as a product of complex interdependencies. Therefore, there is a
need for learning approaches that support institutions to adapt and develop appropriate governance
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arrangements. Furthermore, to support business cases for widespread adoption of SUWM, there needs
to be methods and tools that illuminate the integrated impacts of technological solutions in practice,
not just in theory. It is also necessary to have methods for embedding such assessments into integrated
decision making and supporting holistic business models [22,23] based on a comprehensive assessment
of impacts that go beyond traditional cost-benefit analysis and which embed within decision making
the consideration of a broad set of societal benefits, risks and costs.

2. Contributions

This special issue aimed to highlight novel approaches and technologies that can accelerate
the transformation of current urban water systems towards achieving the objectives embedded in
SUWM. The issue explored supply-side interventions, such as rainwater harvesting and stormwater
harvesting [24-26], demand-side interventions [27], and water storage solutions that have the potential
to enable a range of recycling technologies [28]. The issue also highlighted a novel method for better
managing the integrity of conventional sewer systems [29]. Furthermore, there are articles that explore
methods for integrated assessments [30,31], integrated decision making [25,32], and an exploration of
what factors may promote community adoption of a technology [26].

2.1. Managing the Water Balance

Efforts to improve water security in cities is part of a strategic response to develop resilience to
climate change impacts and the demand pressures of rapid population growth, where the capacity
of conventional water supply sources to meet demand is vulnerable. Principles for managing
water supply—demand balance typically include: (1) augmentation of existing water supply sources;
(2) diversification of water supply sources, such as by recycling of wastewater and/or stormwater
(including rainwater) harvesting; and (3) increasing water use efficiency and/or reducing the demand for
water, i.e., trying to ensure a similar or higher level of service with a reduced per capita water volume.

Hurlimann and Wilson [32] discuss the circumstances under which efforts to augment water
supply could amount to maladaptation, resulting in unintended consequences, such as deterioration
of public goods or increased vulnerability to extreme events. The authors note particular risks that
decision makers need to be wary of, as per Table 1. They also argue that interventions need to be put
in a broader context of urban governance, with spatial planning as a way to embed climate adaptation
within SUWM and to align augmentations with consideration of local ecosystems, urban heat stress,
residential energy efficiency, flood control and maintaining flexibility to act under future scenarios.

Table 1. Systems-related risks of supply augmentation efforts [32].

Systems-Related Risk

Limited social acceptability
Negative environmental impacts
Over-dependence on centralized supplies
Reduced incentives to adapt in the future
Lock-in effects reducing the future ability to act
One size fits all reduces the capacity for customization
Reduced opportunities for flood control

Sapkota et al. [25] explored a number of supply augmentation scenarios involving stormwater
harvesting, greywater recycling, wastewater recycling and rainwater harvesting, and their impacts on
a range of technical parameters which has a direct impact on costs, service quality and environmental
outcomes, as shown in Table 2. The various trade-offs between different solutions are highlighted,
with different augmentation options preferred depending on which of these metrics are considered
most important. With the priorities adopted by local stakeholders, the option of a centralized water
supply system along with stormwater harvesting was found to be the best option, and the worst option
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was a centralized system along with treated wastewater. However, the authors demonstrate, based
on sensitivity analysis, how the local context and priorities may dictate the preference for different
augmentation options. Importantly, the conclusion from this paper is that SUWM does not necessarily
involve a wholesale departure from centralized water systems, but urban communities are likely to be
much better served by hybrid water supply systems that concurrently draw key benefits from both
centralized and decentralized infrastructure systems. The result is what is referred to as hybrid water
supply systems [8].

Table 2. Technical performance metrics for supply augmentation efforts [25].

Technical Performance Metrics

Reduction in potable water demand from the centralized system
Reduction of wastewater generation
Reduction of contaminant concentrations in wastewater
Reduction in stormwater flows
Reduction in contaminant (TSS, TP, TN, BOD, and COD) load in stormwater
Increased supply reliability of fit-for-purpose water under a range of scenarios

In evaluating a particular supply augmentation in Washington D.C. against similar metrics as
those used by Sapkota et al. [25], Braga and colleagues [24] evaluate an advanced rainwater harvesting
system implementation, focusing on the engineering and operational aspects of the systems, and in
doing so identify another array of performance metrics for supply augmentations, as per Table 3. Based
on the monitored performance and assessment of the operational performance metrics, the authors
provide a strong endorsement of the advanced rainwater harvesting system as a viable low impact
development option.

Table 3. Operational performance metrics for supply augmentation efforts [24].

Operational Performance Metrics

Design and construction cost
Area needed
Operation and maintenance requirements

Furthermore, as noted by Hurlimann and Wilson [32], demand-side interventions, whilst often
highly effective, are often under-utilized because of difficulties in predicting the performance of efforts.
In line with this argument, Moglia et al. [27] explore how the science of water conservation can be
developed to provide more accurate predictions and provide decision makers with greater confidence
in choosing demand-side interventions. To address this issue, they argue for the need for more
longitudinal studies into the effectiveness of water conservation efforts, further research into how
different communication styles impact results, and to raise the behavioral science capability in support
of water conservation efforts.

2.2. Storage, Distribution and Collection

There are novel approaches to water treatment and storage that can support the achievement
of SUWM objectives. One of these approaches is the storage of water in groundwater aquifers.
Page et al. [28] propose that managed aquifer recharge (MAR) technologies “not only act as a water
supply and treatment technology but as an integral part of green infrastructure in sustainable urban
water management”. MAR, when well-designed and managed, can enable effective treatment of
stormwater and wastewater for recycled water systems. However, as a natural treatment system,
there is a need for site-specific investigations to understand likely water quality improvements, such
as a reduction in pathogens, and organic and inorganic pollutants. MAR can also provide a useful
approach for water storage that counters issues with surface water storage, including evaporative
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losses. Page and colleagues [28] however also note that more knowledge is required to allow MAR to
be better integrated into SUWM, which includes understanding how triple-bottom-line assessment
can be embedded into decision-making processes which evaluate MAR in relation to coastal water
quality impacts, greenhouse gas emissions, aquifer restoration and urban amenity. There is also a need
to increase the capacity for managing MAR schemes, which can be technically challenging and often
have diseconomies of scale.

SUWM objectives will often be achieved with hybrid wastewater systems that combine
conventional, centralized systems with decentralized systems that include novel approaches, such as
water recycling. Beheshti and Saegrov [29] explore how to limit the infiltration and inflow of unwanted
water into the sewer system which can often equate to nearly half of the wastewater volume in sewer
networks. This is associated with diminished treatment performance and increased costs, an increase
in the risk of local flooding and sanitary sewer overflow in urban areas, as well as a considerable
increase in pumping energy. Efforts to improve the performance of wastewater systems is critically
important, and recent advances such as the use of fiber-optic distributed temperature sensing [29]
show promising results in helping infrastructure operators to improve sustainability and reduce costs.

2.3. Monitoring, Measuring and Assessing Outcomes

The purpose of SUWM is to achieve outcomes beyond simply providing the appropriate level of
water services at the lowest price. But what should SUWM achieve, and how will we monitor and
measure outcomes? These are critically important questions for SUWM, and there is a need to:

e  Decide on key performance indicators

e  Set up monitoring frameworks

e  Define frameworks for assessing the likely outcomes of interventions on outcomes
e Embed new indicators and frameworks into decision making

One of the key issues to embed into decision making relates to urban flooding and associated
damage. In fact, Lee and Kim [30] propose a flooding resilience index based on multi-dimensional flood
damage analysis which allows for ongoing monitoring of flooding risk. It can be used to evaluate the
impact of infrastructure-related decisions on flood risk, and could, therefore, be part of a SUWM-based
adaptive governance framework.

Another important performance metric relating to SUWM relates to the level of urban greening
in a city. Adequate soil moisture levels are needed to support healthy vegetation as part of a green
infrastructure approach, which provides important benefits to local ecosystems and human health. An
emerging area of research is the use of remote sensing to monitor green infrastructure performance. In
an exciting paper on this topic, Qu et al. [31] illustrate how the use of remote sensing combined with
machine learning based on sampled soil moisture can support ongoing monitoring of soil moisture
in Beijing. Landsat5-TM images were used for monitoring, which provide a relatively accessible
data source. The use of remote sensing for monitoring performance is an important addition to the
SUWM toolbox.

Sapkota and colleagues [25] also provide a useful example of how Multi-Criteria Assessment
(MCA) can support decision-makers in evaluating SUWM approaches. The complexity of evaluating
possible SUWM approaches across a diverse range of performance indicators can be supported by
MCA that provides a transparent approach for making trade-offs. Another approach could be to
set target thresholds as part of goal setting, and assessing the likelihood of jointly achieving those
goals [33].

2.4. Social Acceptance

Technological approaches for SUWM require acceptance across the broader community to ensure
successful adoption. A lack of social acceptance can thwart the adoption of SUWM approaches [34]
such as the case in Toowoomba where a proposed water recycling scheme was not realized due to
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strong public opposition, despite water storages being at critically low levels, and experts” opinions
that indicated the recycled water scheme would be safe [34]. Rainwater harvesting systems have
also been evaluated based on expected benefits and costs [35-37]. In this special issue, there is an
exploration of the rainwater tank features that will increase community adoption rates [26]. This paper
found that rainwater tank features (e.g., slimline tanks) that ensure integration with building design
are attractive to households and that people are generally willing to pay for a larger tank. The adoption
of more sustainable behaviors and technologies are often slow to gather traction across a population,
which highlights the need for more nuanced efforts in targeting incentives for the increased uptake of
sustainable technologies [38,39].

3. Discussion

Over recent decades, there has been a growing recognition that most developed cities around the
world need to transition to more sustainable configurations of urban water systems that ensure essential
services, such as clean water supply and adequate sanitation, are maintained while contributing to
ecologically sustainable development that conserves natural resources for future generations [40].

There is the need to urgently address unsustainable aspects of urban water systems, such as
over-utilization of freshwater resources and pollution of receiving waters, which will be compounded
by growing urban populations and climate change impacts. Harding [40] highlighted that in cities,
where despite high levels of water conservation and uptake of water recycling schemes, there are
projected water shortages unless per capita demand is reduced, or supply is augmented. At a regional
level, Ferguson [41] demonstrates a common and already water constrained situation where there is an
expectation that water demand will need to grow by an order of magnitude in order to accommodate
population and economic growth. It is often very difficult to see how this can be achieved without
significant advances in water efficiency and high levels of water recycling.

SUWM approaches highlighted in this special issue have the potential to contribute to the
transformation of urban water systems to accommodate population and economic growth and at the
same time enable a system which is environmentally sustainable, and also resilient to future challenges
such as climate change.

SUWM approaches have increasingly entered mainstream dialogue over the last ten years as
knowledge on the approaches has developed, and there is an acceptance that there needs to be a change
to how urban water systems are designed and operated. However, there are still a range of SUWM
aspects that are maturing, and require further research, to realize the objectives of SUWM. The special
issue and this editorial have highlighted several areas that require further investigation.

The first topic that needs further investigation is to better understand how novel, decentralized
approaches can be planned and implemented to complement conventional, centralized urban water
systems. These hybrid systems are likely to be strengthened by the diversity of approaches and
technologies, but there are still challenges to be addressed, such as how to best provide adequate
operation and maintenance to more complex systems with distributed, small-scale assets across a city.

The second topic that needs further investigation is to explore how the use of natural processes,
such as MAR, can provide effective water treatment. There is a need to better understand the expected
performance and feasibility in a range of contexts as the design will have to reflect the variability in
local climate, soils, geology, etc.

The third topic that needs further investigation is to research improved approaches to embed
SUWM in the wider governance of cities that considers the interdependencies of urban water systems
across sectors and levels of government. This includes the development of robust and consistent
performance metrics that can be used to monitor and evaluate the achievement of SUWM policy
objectives. This includes understanding how approaches such as MCA can be used to inform the
evaluation of acceptable trade-offs in performance across triple-bottom-line outcomes.
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The final topic that requires further investigation is on the human behavioral factors that influence
social acceptance of SUWM approaches, and how incentives can be structured to trigger greater uptake
across the community.
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