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Preface to "The Challenges of Water Management and
Governance in Cities”

Global population growth is urban growth and, therefore, most of the water-related challenges
and solutions reside in cities. Unless water management and water governance processes are
significantly improved within a decade or so, cities are likely to face serious and prolonged water
insecurity, urban floods and/or heat stress, that may result in social instability and, ultimately, in
massive migration. Aging water infrastructure, one of the most expensive infrastructures in cities, are
arelevant challenge in order to address amongst other things Sustainable Development Goal (SDG) 6:
clean water and sanitation, SDG 11: sustainable cities and communities and SDG 13: climate action.

Cities and their hinterlands face many challenges. In many places, good water governance
is the main bottleneck. Cities require a long-term strategy and a multilevel water governance
approach. Research has shown how important it is to involve the civil society and private parties
early on in this process to create success. Collaboration among cities and regions by sharing best
practices for rapid implementation is crucial not only to cope with SDG6 but also with many of the
other SDGs. The choice of good governance arrangements has important consequences for economic
performance, for the well-being of citizens and for the quality of life in urban areas. The better
governance arrangements work in coordinating policies across jurisdictions and policy fields, the
better the outcomes. Rapidly-changing global conditions will make future water governance more
complex than ever before in human history, and expectations are that water governance and water
management will change more during the next 20 years compared to the past 100 years.

To address these challenges, approaches need to be developed for a directed transition to more
sustainable, resilient urban water services, including all stakeholders. In this Special Issue of Water,
the focus is on practical concepts and tools for water management and water governance in cities.
The contributors to this Special Issue provide a series of papers to create further awareness and
solutions by presenting examples of integrated approaches, advanced water management practices
and water governance strategies. This Special Issue contains 17 different contributions and includes a
detailed introduction followed by 16 peer-reviewed papers. We have grouped these papers into four
categories: (1) introduction to urban water challenges, (2) integrated assessment methods, (3) water

management practices, and (4) water governance strategies.

Kees van Leeuwen, Jan Hofman, Peter Driessen, Jos Frijns

Special Issue Editors
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Abstract: Combined impacts of sea-level rise, river flooding, increased frequency and magnitude
of extreme rainfall, heatwaves, water scarcity, water pollution, ageing or lacking infrastructures for
water, wastewater and solid waste in rapidly urbanising regions in the world call for improved
water management and governance capacity in cities to accelerate the transition to water-wise cities.
The sixteen contributions to this Special Issue create further awareness and present solutions on
integrated approaches, advanced water management practices and water governance strategies. It
is concluded that cities require a long-term strategy and a multilevel water governance approach.
Research has shown how important it is to involve the civil society and private parties early on in this
process to create success. Collaboration among cities and regions by sharing best practices for rapid
implementation are crucial to cope with nearly all Sustainable Development Goals.

Keywords: water governance; urban water management; resilience; sustainable development goals

1. Introduction

Global population growth is urban growth and, therefore, most of the water-related challenges
and solutions can be found in cities. Unless water management and water governance processes are
significantly improved within a decade or so, cities are likely to face serious and prolonged water
insecurity, urban floods, and/or heat stress, which may result in social instability and, ultimately,
massive migration. Aging water infrastructures are among the most expensive infrastructures in cities
and a relevant challenge in order to address Sustainable Development Goal (SDG) 6: clean water and
sanitation, SDG 11: sustainable cities and communities, and SDG 13: climate action. In fact, many of
the SDGs are water-related, directly or indirectly, as shown in Figure 1.

The choice of good governance arrangements has important consequences for economic
performance, for the well-being of citizens, and for the quality of life in urban areas. The better
governance arrangements work in coordinating policies across jurisdictions and policy fields, the better
the outcomes. Rapidly-changing global conditions will make future water governance more complex
than ever before in human history, and expectations are that water governance and water management
will change more during the next 20 years compared to the past 100 years.

To address these challenges, approaches need to be developed for a directed transition to more
sustainable, resilient urban water services, including all stakeholders. In this Special Issue of Water,
the focus is on practical concepts and tools for water management and water governance in cities.
Sixteen peer-reviewed papers were selected for this Special Issue. We have grouped these papers into
four categories:

Water 2019, 11, 1180; doi:10.3390/w11061180 1 www.mdpi.com/journal/water
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e Introduction to urban water challenges;
e Integrated assessment methods;

e  Water management practices; and

e  Water governance strategies.
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Figure 1. The water-centric 17 Sustainable Development Goals [1].

This Special Issue starts with two policy papers of the international organisations UNESCO
and OECD, presenting a summary of their most recent work on policy solutions for sustainable
water resources management in urban areas. Both organisations stress the importance of integrated
methodologies to assess the urban water challenges across a range of temporal and spatial scales.

The following set of papers present such integrated assessment methods and their application
for sustainable water resources management, water-sensitive urban design, urban water reuse, and
sustainable wastewater management systems. These papers address the importance of enhancing
governance capacity to implement systems for water management in cities.

The third group includes papers that present water management practices to increase water
security under climate change conditions. Experiences with stormwater management, urban drainage
systems, rainwater harvesting, and flood risk control are analysed and lessons learned are shared.

The urgency of the challenges related to urbanisation and climate change calls for adaptive water
governance. In the final group of papers, multi-actor governance strategies are presented to take care
of flood resilience, regional water supply and urban watershed management.

The following section summarises the contributions according to this categorisation.
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2. Contributed Papers

2.1. Introduction to Urban Water Challenges

Makarigakis and Jiminez-Cisneros [1] provide an overview of the global urban water challenges.
To achieve water security, UNESCO is developing tools for science-based decision making, promotes
international cooperation through networking, enhances the science policy interface and facilitates
education and capacity development.

The OECD developed a water governance indicator framework that cities can use to identify
whether water governance conditions are in place and function or need improvement. The framework
is composed of 36 indicators, measuring the what (policy framework), the who (institutions in charge)
and the how (co-ordination tools for water policies). Romano and Akhmouch [2] report that the OECD
framework can provide a global picture on the water governance system, rather than focusing on
specific dimensions (e.g., transparency) or specific functions (e.g., water supply and sanitation). They
advocate an institutional framework that encompasses accessible information and adequate capacity,
sufficient funding and transparency and integrity, meaningful stakeholder engagement and coherence
across sectoral policies.

2.2. Integrated Assessment Methods

The second group of papers present integrated assessment methods and their application for a
variety of urban water management practices.

Kim et al. [3] examined the status of integrated water resources management of Seoul using the
city blueprint approach. which consists of three different frameworks: (1) the trends and pressures
framework, (2) the city blueprint framework and (3) the water governance capacity framework.
The results indicate that nutrient recovery from wastewater, stormwater separation, and operation cost
recovery of water and sanitation services are priority areas for Seoul. Furthermore, the local sense
of urgency, behavioural internalisation, consumer willingness to pay and financial continuation are
identified as barriers limiting Seoul’s governance capacity.

Following the recent drought period, the City of Cape Town is restructuring its policy to include
climate change adaptation strategies. Madonsela et al. [4] describe an evaluation of the water
governance processes required to implement water-sensitive urban design in Cape Town. The analysis
revealed that smart monitoring, community knowledge and experimentation with alternative water
management technologies are important when considering uncertainties and complexities in the
governance of urban water challenges.

The transformation to widespread application of water-reuse systems requires major changes
in the way water is governed. Through the systematic assessment of the city of Sabadell (Spain),
Steflovd et al. [5] identified the main barriers, opportunities and transferable lessons that can enhance
governance capacity to implement systems for non-potable reuse of treated wastewater in cities. It was
found that continuous learning, the availability and quality of information, the level of knowledge,
and strong agents of change are the main capacity-building priorities. On the other hand, awareness,
multilevel network potential and implementing capacity are already well-established.

Benavides et al. [6] developed a sustainability assessment method for wastewater management
in Latin America that is multi-scalar (considering several territorial scales or spatial boundaries
in one same study) and multidimensional (considering the different dimension of sustainability).
This approach allowed making visible issues that are not shown by single scale analysis, namely, the
interconnections of the technical system (waste water treatment) with ecological systems (watershed)
and social systems (public administration, community dynamics, social perception).

Lahmouri et al. [7] analysed greenhouse gas (GHG) emissions and compared possible water
reclamation with resource recovery scenarios in the town of Leh in India: a centralised scheme,
a partly centralised combined with a decentralised scheme, and a household-level approach. Potential
sources of reduction of GHG emissions through sludge and biogas utilisation have been identified and
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quantified to seize their ability to mitigate the carbon footprint of the water and wastewater sector.
The study showed that decentralising wastewater management has the least carbon footprint during
both construction and operation phases. These results have implications for cities worldwide.

2.3. Water Management Practices

This group of papers looks at urban water management practices that deal with the consequences
of climate change such as increased precipitation and flood risks.

Zhang et al. [8] present the concept of a sponge city in Beijing, which allows storm water to be
managed with natural infiltration, natural retention and detention, and natural cleaning facilities. It is
based on natural and ecological laws and provides “elasticity” in adaptation to environmental changes
and response to natural disasters.

One of the crucial elements in the sizing of a stormwater reservoir is determination of duration
time and intensity of rainfall. The outcome is, however, affected by significant uncertainty of runoff
modelling. Szelag et al. [9] analysed the effect of the uncertainty of a rainfall-runoff model, showing that
the desired capacities of the stormwater reservoir were overestimated when uncertainty was neglected.

Haghighatafshar et al. [10] have aligned the engineering of drainage systems with urban planning
and design. They introduce a conceptual model of mesoscale sustainable drainage systems (SuDS) that
complies with hydraulic, hydrologic and social-ecological functions.

Implementing rainwater harvesting could contribute to the protection against damage caused by
increasing precipitation frequency and intensity. Hofman-Claris et al. [11] calculated the total costs of
ownership for decentralised drinking water supply from harvested rainwater. In the Netherlands,
the amount of rainwater that can be harvested in the city district only covers about 50% of the
demand, and the application of rainwater harvesting for drinking water production is currently not
economically feasible.

Nicklin et al. [12] assessed the cost of inaction in relation to pluvial flood damages in Rotterdam
and Leicester, concluding that investment in flood protection is an economically beneficial approach
for cities.

2.4. Water Governance Strategies

The fourth group of papers present governance strategies dealing with urban water challenges
through an interdisciplinary, collaborative and network approach.

Based on international comparative research on flood risk governance, Driessen et al. [13] derived
key governance strategies that secure the necessary capacities to resist, to absorb and recover, and to
transform and adapt. Taking diversification and alignment of flood risk management approaches as an
important starting point, adaptive flood risk governance also requires a delicate balancing act between
legal certainty and flexibility.

Strategic placement of green infrastructure has the potential to maximise water quality benefits
and ecosystem services. Shifflett et al. [14] examined the factors that influence a multi-stakeholder
watershed approach to planning, implementing and evaluating green infrastructure techniques
in Cincinnati. Green infrastructure planning benefitted from governance strategies that include
stakeholder engagement and collaboration.

For effective water governance, the coordination of multiple actors across different institutional
levels is important. In a Swiss region, Lieberherr et al. [15] observed the importance of reputational
power, i.e., a higher degree of coordination took place when the actors responsible for water supply
regarded potential coordination partners as important. Likewise, democratic legitimacy is important,
i.e., the stronger the region’s capacity to steer, the stronger the coordination.

Tosun et al. [16] looked into transnational city networks on climate change adaptation and showed
how these networks embraced goals related to urban water management. The main impact of city
networks is to provide a forum for validating and optimising the design of policies and measures and
to exchange experiences regarding their implementation.
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3. Conclusions

Water challenges are becoming ever more urgent in a world of unprecedented urbanisation and
population growth, depleting resources and increasing climate change impacts. Combined impacts of
sea-level rise, river flooding, increased frequency and magnitude of extreme rainfall, heatwaves, water
scarcity, water pollution, ageing or lacking infrastructures for water, wastewater and solid waste in
rapidly urbanising regions in the world call for improved water management and governance capacity
in cities to accelerate the transition to water-wise cities.

Cities and their hinterlands face many challenges. In many places, good water governance is the
main bottleneck. Cities require a long-term strategy and a multilevel water governance approach.
Research has shown how important it is to involve the civil society and private parties early on in this
process to create success. Collaboration among cities and regions by sharing best practices for rapid
implementation is crucial not only to cope with SDG6 but also with many of the other SDGs.

Integrated solutions are needed, such as water-sensitive design, including rainwater harvesting,
recycling, reuse, pollution prevention and other innovative urban water approaches. The contributors
to this Special Issue provide a series of papers to create further awareness and solutions by
presenting examples of integrated approaches, advanced water management practices and water
governance strategies.
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Abstract: The current world population of 7.6 billion is expected to reach 8.6 billion in 2030, 9.8 billion
in 2050 and 11.2 billion in 210, with roughly 83 million people being added every year. The upward
trend in population size along with an improved quality of life are expected to continue, and
with them the demand for water. Available water for human consumption and development
remains virtually the same. Additional to the different pressures of the demand side on the available
resources (offer side), climate variability and change apply further pressures to the management of
the resource. Additional to the increase in evaporation due to temperature rise, climate change is
responsible for more frequent and intense water related extreme events, such as floods and droughts.
Anthropogenic activities often result in the contamination of the few pristine water resources and
exacerbate the effects of climate change. Furthermore, they are responsible for altering the state of the
environment and minimizing the ecosystem services provided. Thus, the water security of countries
is compromised posing harder challenges to poor countries to address it. This compromise is taking
place in a complex context of scarce and shared resources. Across the world, 153 countries share rivers,
lakes and aquifers, home to 40% of the world’s current population. The United Nations Educational,
Scientific and Cultural Organization (UNESCO) is the scientific arm of the United Nations and its
International Hydrological Programme (IHP) is the main vehicle for work in water sciences at an
intergovernmental level. IHP VIII, IHP’s medium term strategy, aims to assist UNESCO’s Member
States (MS) in achieving water security by mobilizing international cooperation to improve knowledge
and innovation, strengthening the science-policy interface, and facilitating education and capacity
development in order to enhance water resource management and governance. Furthermore, the
organization has established an Urban Water Management Programme (UWMP) aiming at promoting
sustainable water resource management in urban areas.

Keywords: climate change; IHP; intergovernmental; science and technology; sustainability; UNESCO;
water management; water security; Urban Water Management Programme

1. Introduction

The International Hydrological Programme (IHP) is the only intergovernmental programme
of the UN system devoted to the scientific, educational, cultural and capacity building aspects of
hydrology for the better management of water resources. Drawing on more than four decades of
experience, UNESCO-IHP fosters and consolidates cross-disciplinary and cross sectoral networks that
facilitate cooperation within research and capacity building, and development of analytical tools and
data sharing, primarily across national boundaries. UNESCO-IHP also enhances awareness raising of
policy-makers at the national, regional and international level on the predictions and risks related to
global change, including climate change and human impact.

THP is a truly intergovernmental programme, having its planning, definition of priorities,
and supervision of the execution to be decided by the Intergovernmental Council. The Council
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is composed of 36 UNESCO Member States elected by the General Conference of UNESCO at its
ordinary sessions held every two years. Equitable geographical distribution and appropriate rotation
of the representatives of the Member States are ensured in the composition of the Council. Each of
UNESCO's six electoral regions elects Member States for membership in the Council.

Consequently, the Council elects a chairperson and four vice-chairpersons. These, with the
chairperson of the previous Bureau as ex-officio member, constitute the Council’s Bureau. The composition
of the Bureau so formed reflects an equitable geographical distribution, each representing UNESCO’s
six electoral regions. The members of the Bureau remain in office until a new Bureau has been elected
(It needs to be noted that following the 23rd session of IHP’s Intergovernmental Council, the role of
the ex-officio member will no longer apply and Member States will elect a chairperson, a rapporteur
and four vice-chairpersons).

Responding to the need to have an impact on the practical management of water resources, IHP
networks comprise not only the scientists but also professionals, different sectors, and the society at
large, including youth, gender and children groups. There is no other international Member States’
water network with such a wide range of disciplines, sectors and stakeholders.

2. Intergovernmental Hydrological Programme: Origin and Strategy

At the end of the first International Hydrological Decade (IHD, 1965-1974) the international
scientific community together with governments realized that water resources often were one of the
primary limiting factors for harmonious socio-economic developments in many regions of the world.
Moreover, they realized that to solve problems, internationally coordinated cooperation mechanisms
were necessary to enhance the knowledge base, capacity and rational management. This gave birth to
the UNESCO'’s IHP.

IHP facilitates an inter- and transdisciplinary integrated approach to watershed and aquifer
management, incorporating the social, economic and human dimensions of water resources. To advance
knowledge development and dissemination, IHP uses all available experience and promotes and
develops international cooperative research in hydrological and freshwater sciences. IHP was planned
and implemented in six-year phases, covering themes reflecting the current priorities decided by
Member States; as of 2014, the planning exercise has shifted to an eight-year cycle.

The core themes of the first three phases of IHP (1971-1989) followed the same directions of the
International Hydrological Decade, focusing on research and capacity building in hydrological science
in its strict sense. Since then, the different phases of IHP (Figure 1) were always in advance of the
major challenges the world had to face concerning water.

In the nineties, more than 25 years prior to the Agenda 2030 and the Sustainable Development
Goals, the programme, being in its fourth phase, IHP-IV (1990-1995), identified sustainability and
water resource development and management as key elements, adopting “Hydrology and Water
Resources for Sustainable Development” as a core theme. Similarly, the work in the fifth phase, IHP-V
(1996-2001), had “Hydrology and Water Resources Development in a Vulnerable Environment” as a
core theme.
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IHP's Fourth Phase (1990-1995): IHP’s Seventh Phase
IHP's First Phase 'Hydrology and Water Resources (2008-2013): “Water
(1975-1980): Sustainable Development in a Dependencies: Systems
maintained the Changing Environment’ IHP's Fifth Phase (1996-2001): under Stress and

research orientation Socletal Responses’

‘Hydrology and Water Resources

of IHD Development in a Vulnerable
1 Environment”

IHP’s Sixth Phase (2002-2007): ‘Water IHP’s Eighth Phase
& Interactions: Systems at Risk and Social (2014-2021): ‘Water
{HP's Second Phase (1981-1983) and Challenges’, This phase represented a Security: Responses to
Third Phase (1984-1989): planned turning point for IHP. Its focus shifted Local, Regional and
under the theme “Hydrology and the from studying the occurrence and Global Challenges’

distribution of water in the environment
towards societal aspects of water
resources, highlighting the need for
better assessment and management, in
particular at transboundary level

Sclentific Bases for Ratlonal Water
Resources Management’ to include
practical aspects of hydrology and
water resources

Figure 1. IHP Phases.

UNESCO, being the scientific arm of the UN family is required to lead the work in water breaking
scientific barriers using an out of the box approach.

Recognizing the need for a paradigm shift in thinking on water from fragmented compartments
of scientific inquiry to a more holistic, integrated approach, the core theme for IHP-VI (2002-2007) was
defined as “Water Interactions: Systems at Risk and Social Challenges”. The same trend continued
in the formulation of the IHP-VII (2008-2013), which adopted ‘Water Dependencies: Systems under
Stress and Societal Responses’ as a core theme, further emphasizing the interacting dependencies of
the system components and the important role of society. All these themes were well in advance of the
national research agendas setting new trends on the need to develop knowledge.

Following the 20002015 and the Millennium Development Goals, Member States came to an
agreement for establishing an ambitious and interconnected development agenda of 17 Sustainable
Development Goals (SDGs), Agenda 2030. Sustainable Development Goal 6 aims at ensuring
availability and sustainable management of water and sanitation for all. A closer look at the SDGs
reveals that many of the SDGs have a strong relationship with sustainable water use and consumption,
e.g., SDGs 2 (zero hunger), 3 (good health and well-being), 11 (sustainable cities and communities),
12 (responsible production and consumption), 13 (climate action), and 14 (life below water).

UNESCO'’s focus of its eighth programmatic phase IHP VIII (2014-2021), has adopted ‘Water
Security: Responses to Local, Regional and Global Challenges’ as its overarching idea. Given population
growth, deteriorating water quality, the growing impact of floods and droughts and the other
hydrological effects of global change, water security is a growing concern. It touches upon all
aspects of life and requires a holistic approach, which actively integrates social, cultural and economic
perspectives, scientific and technical solutions and attention to societal dynamics. In 2016, the World
Economic Forum identified the water crisis as the global risk of highest concern for people and
economies over the next ten years.

Water security has been defined by UNESCO’s Member States as the capacity of a population to
safeguard access to adequate quantities of water of an acceptable quality for sustaining human and
ecosystem health on a watershed basis, and to ensure efficient protection of life and property against
water-related hazards such as floods, landslides, land subsidence, and droughts. To date this is the
only intergovernmentally approved definition. Although other better-rounded definitions have been
developed, their use often causes political challenges and thus are frequently avoided.
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The activities of the eighth phase of IHP (IHP-VIII) are being conducted along three strategic
axes: (a) mobilizing international cooperation to improve knowledge and innovation to address water
security challenges; (b) strengthening the science-policy interface to achieve water security at all levels;
and (c) developing institutional and human capacities for water security and sustainability.

The work of IHP-VIII focusing on capacity building and awareness raising on six thematic areas
to assist Member States in their challenging endeavor to better manage and secure water and to ensure
the necessary human and institutional capacities. These are:

e Theme 1: Water-related Disasters and Hydrological Changes

Theme 2: Groundwater in a Changing Environment

Theme 3: Addressing Water Scarcity and Quality

Theme 4: Water and Human Settlements of the Future

Theme 5: Ecohydrology, Engineering Harmony for a Sustainable World

Theme 6: Water Education, Key to Water Security

IHP-VIII on water security aims to address challenges identified in Agenda 2030, Sendai
Framework for Disaster Risk Reduction and the New Urban Agenda and the Paris Agreement.

Within the framework of water security, IHP builds capacity of member states by synergistically
integrating the experience and tools available within the activities implemented in all six thematic
areas. The goal is to provide the scientific knowledge base for sound policy advice, in order to manage
and cope with challenges to water resources in the practice, and to increase the resilience of natural
and human systems with an emphasis on vulnerable communities.

3. IHP’s Urban Water Management Programme (UWMP)

IHP’s UWMP aims to promote sustainable water resource management in urban areas by helping
countries develop and implement effective strategies and policies for urban water management through
the dissemination of scientifically-sound policy guidelines, scientific knowledge and information on
new and innovative approaches, solutions and tools for sustainable urban water management, as well
as by providing capacity building support on key urban water issues.

4. Global Water Challenges

A frequent expression used by numerous professionals to describe water related challenges is
that “there is too much, too little or too polluted”. UNESCO, within the concept of water security,
is working to ensure that all three challenges are addressed. As it is quite difficult to capture the results
of the work of more than 3000 professionals comprising UNESCO'’s Water Family, a few selected issues
are presented below.

4.1. Pressures on Water Availability

4.1.1. Population Growth

We currently live in the Great Acceleration period of the Anthropocene. In tracking the effects
of human activity upon the Earth, a number of socioeconomic and earth system parameters are
utilized including population, economics, water usage, food production, transportation, technology,
green-house gases, surface temperature, and natural resource usage. Since 1950, these trends are
increasing significantly if not exponentially. The current world population of 7.6 billion is expected to
reach 8.6 billion in 2030, 9.8 billion in 2050 and 11.2 billion in 2100 [1].

In 1990, 43% (2.3 billion) of the world’s population lived in urban areas. In 2015, the urban
population had grown to 54% (4 billion) and it is expected to increase to 66% by 2050. It is projected
that 2.5 billion people will be added to urban populations by 2050, 90% of which will be in Asia and
Africa [2,3]. The urbanization trend has experienced a remarkable increase in the absolute numbers
of urban dwellers, from a yearly average of 57 million between 1990-2000 to 77 million between
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2010-2015. It has to be noted that, although cities impose challenges on the environment, natural
resources and the hydrological cycle, no questioning to this model for development has been made.

As the world’s population has increased by around 4-fold in the 20th century, the human water
consumption has increased around 5, 18 and 10 times for agricultural, industrial and municipal use,
respectively [4,5]. A rise in the world population and its standards of living, along with unsustainable
practices, has put water resources under ever-increasing pressure globally.

4.1.2. Agriculture

Agriculture is the world’s largest user of water. Considering water abstraction, agricultural use
of water represents near 70% of the global use [6] with clear differences among developed countries
and developing countries where rain-fed irrigation accounts for 60% of their production. Irrigation
water withdrawal in developing countries is expected to grow by about 14 percent from the current
2130 km® per year to 2420 km? in 2030 [7].

In addition to this use of water to produce crops, water is also used to manufacture food. In Europe,
for example, the manufacturing of food products consumes on average about 5 m® of water per person
per day [8]. At the same time, with as much as 1.3 billion tons of food wasted annually [9], 250 km?
of water is being “lost” per year due to food waste (food waste can be defined as the discarding of
food that was fit for human consumption but has become spoiled, expired or otherwise unwanted)
worldwide [9]. At the global level, meat and cereals clearly stand out in the global proportion of food
waste by 21.7% and 13.4%, respectively [10].

4.1.3. Water Scarcity

By 2050, it is estimated that 40 per cent of the global population will be living in river basins that
experience severe water stress, particularly in Africa and Asia. Approximately 450 million people
in 29 countries face severe water shortages [11]; about 20% more water than is now available will
be needed to feed the additional three billion people by 2025; as much as two-thirds of the world
population could be water-stressed by 2025 [12]; Water scarcity is projected to become a more important
determinant of food scarcity than land scarcity, according to the view held by the UN [13].

4.1.4. Climate Variability and Change

Climate variability and change intensifies in a significant manner such water-related threats [14].
A recent model intercomparison study reveals that 2 °C of global warming will result in a severe
decrease in the available water resources for 15% of the global population and will increase the number
of people living under absolute water scarcity by another 40% compared to the effect of population
growth alone [15]. Furthermore, numerous studies show that warming weather can trigger more water
use and aggressive extraction from water resources [16-18], which together with changes in operation
patterns [19-23] pose additional pressure on the already scarce water resources.

Changes in global climate are also expected to reduce groundwater recharge to aquifers, storage
and discharge [24]. These reductions will have significant negative effects on available groundwater
for development as well as for groundwater dependent ecosystems and the services they provide
to both humans and the environment. Moreover, in the case of coastal aquifers, the combination of
groundwater level drop and sea level rise due to the direct and/or indirect effects of climate change
will cause an increase in saltwater intrusion, which in turn will pose serious threats to the livelihoods
of one of the most vulnerable populations to climate change: islanders.

The role public and non-governmental organizations, including research and academic
organisations, play in enabling adaptation at multiple scales has been shown to be crucial by recent
studies [25].
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4.2. Water Quality

Further to the pressure for additional water sources due to population growth and increase of
the standard of living, human activities have increased the release of various contaminants in ground
and surface water resources, resulting in a wide range of consequences from major decline in water
availability and water quality to massive environmental changes. Half of the world’s rivers and lakes
are polluted; and major rivers, such as the Yellow river, Ganges river, and Colorado river, do not
flow to the sea for much of the year because of upstream withdrawals [26]. Inefficient and ineffective
use of fertilizers and pesticides in agriculture is a major contributor to ground and surface water
contamination. As an example, groundwater pollution in Greece is often related to the use or abuse
of fertilizers, which diffuse into soils and contaminate the aquifers. Additionally, coastal aquifers
are subject to a negative water balance, owing to their overexploitation that triggers saline water
intrusions [27]. Ineffective waste management often results in the release of contaminants related
to noxious compounds whereas fertilized agricultural fields and wastewater treatment plants often
discharge nutrients in significant quantities [28].

Such unfolding issues result in an increasing cost for water treatment and have exacerbated
sociopolitical tensions over decreasing water availability, which have made water management and
controlling the competition over water allocation extremely complex and sensitive [29].

Finally, water quality can also be largely degraded by climate change [6,30,31], although
a comprehensive global understanding of water quality consequences of climate change is
currently lacking.

There is a consensus however, that there could be significant water quality issues resulting from
planned and unintended responses to climate change. Thus, any plan to address undesirable water
quality impacts will require a holistic approach integrating activities of institutions responsible for
managing air, land and water resources.

UNESCO [32] estimates that around 2 billion people currently live in water-stressed areas and
over 800 million people have inadequate access to safe drinking water, which is supported by the
findings of the latest Joint Monitoring report [33], stating that 844 million people still lacked even a
basic drinking water service.

4.3. Water Related Hazards

Water-related hazards account for around 90% of all natural hazards globally, marking floods
and droughts as the two most destructive natural threats to human societies. Climate change is
expected to cause a rise in their intensity and frequency of extreme water events. Only throughout
2010, water-related disasters killed nearly 300,000 people, affected around 208 million others and cost
nearly $110 billion [32,34]. Hence, recent years have seen increased attention for strategic flood risk
assessments, and their inclusion in global integrated assessments [35].

In addition, the impact of extreme events on water-related hazards is expected to also become
more intense and more geographically spread under climate change conditions causing an increase on
social vulnerability. Recent multi-model studies highlight a likely increase in the global severity of
drought by the end of the 21st century, in which the frequency of drought increases by more than 20%
in highly populated regions, such as South America and Central and Western Europe [36]. Drought
due to reduced rainfall has been the cause of a 95% reduction in Lake Chad’s area between 1960 and
1985 [37]. Albeit water levels have risen since the 2000s, ecosystems have been significantly imbalanced
and weakened, unable to provide livelihood related services. Furthermore, conflicts plagued the area
over access to the diminished resource, and significant waves of migration have occurred through the
years [38].

Water-related hazards are continuously present in the local and global news. While California is
currently recovering from a major 5-year drought [39], southern Quebec was in a state of emergency
due to major flooding in the area, including parts of Montreal [34,40]. On 18 January 2018, Cape
Town residents, South Africa’s second-largest city, woke up to their Mayor’s, Ms Patricia De Lille,
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proclamation that “Day Zero,” the day the city would run out of water, was fast approaching.
On February 1—the height of summer in the southern hemisphere, when water demand is greatest—the
city clamped down, harder than any city in the world with its living standards. Officials set a target
of 50 Liters (13 gallons) per person, per day, for all domestic uses: cooking, bathing, toilet flushing,
washing clothes. Watering lawns and scrubbing cars with city water had already been banned for
months. “The abuse of water means that we will all suffer,” De Lille had warned.

On the other hand, an increase in flooding frequency is projected in more than half of the world,
particularly in the non-snow dominated regions, which naturally have a greater population [41].
The recent flood in Houston, Texas, during the course of hurricane Harvey, resulted in more than
80 fatalities and an estimated economic cost that exceeded $150 billion USD [42]. Globally, economic
losses from flooding exceeded $19 billion in 2012 [21], and have risen over the past half century [30,43].
Hence, recent years have seen increased attention for strategic flood risk assessments, and their
inclusion in global integrated assessments [35].

Only throughout 2010, water-related disasters killed nearly 300,000 people, affected around
208 million others and cost nearly $110 billion [32]. Investing in disaster risk reduction is thus a
precondition for developing sustainably in a changing climate. It is a precondition that can be achieved
and that makes good financial sense.

4.4. Servicing the Most Vulnerable: Slum Populations

Even though significant progress has been made globally towards improving access to water,
almost 700 million people still lack access to clean drinking water globally [43]. Informal settlements
(slums) constitute a significant percentage of the urban population. There were more slum dwellers in
2012 than in 2000, a trend that will likely continue in the future [44].

Slum dwellers most often lack water and sanitation related services, as well as many other public
services. For instance, in India, 56% of the population in the top 20% (household income group) has
access to piped water, compared to 6% of the bottom 20% [32]. Furthermore, they often have to pay
higher rates to receive water than citizens covered by the piped network do; water price can be up to
thirty three times higher than the one charged by the operators [45]. Sanitation facilities are usually
non-existent, having people frequently relying on communal toilets or open defecation.

Slum populations constitute the most vulnerable in an urban or peri-urban setting, having high
exposure to natural hazards, often settled in areas that are not in the city plan and which are not
suitable for human settlements, such as flood plains or hill sides prone to landslides. Rapid urban
expansion aggravates these challenges and the people are also disproportionately affected by the
impacts of climate hazards [2,33].

5. UNESCO'’s Contribution to Global Water Challenges

UNESCO is the scientific organization of the United Nations, whose purpose is advancing,
through the educational, scientific, and cultural relations of the peoples of the world and the free
exchange of ideas and knowledge, the objectives of international peace and of the common welfare
of mankind.

Addressing the increasing global water challenges will be achieved by narrowing the problem
within the broader framework, including the UNESCO mandate to go beyond the Integrated
Water Resources Management (IWRM), water-energy-food-environment nexus or new holistic
frameworks. These frameworks should aim to open up a dialogue with practitioning, management
and policy communities.

As presented in Figure 2, IHP works on the basis of three axes to address global water challenges:
networking, science-policy interface and building/strengthening both institutional and human capacity.
In the text below, a few examples of the type of activities being implemented is provided.

Facing these global challenges requires pushing the boundary of current advancements within
the water security domain. First, a common acceptance and international recognition of the water
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security concept and its political acceptance should be made to facilitate progress in this field. Secondly,
new insights, tools and methodologies are needed for better representation of complex interactions
within coupled human and natural systems, especially in urban regions across a range of temporal
and spatial scales. Such attempts should be made with the greater goal of diagnosing water-related
threats as a result of extreme or gradual changes in natural and anthropogenic conditions, in light of
current limitations in future projections [46]. Thirdly, an entire change in the general mindset society
has towards water and water related issues is needed to effectively minimize the increasing challenges
and to eliminate new ones. At a later stage, scientific knowledge needs to be acquired and used to
change cultural aspects through education.

Scientific contributions, addressing the above-mentioned challenges, are emerging [46]; however
much more needs to be done. First, new technologies are required to implement the scientific solutions,
particularly with respect to water conservation, treatment, and reuse. While there are practicable water
conservation technologies around, much more is needed in the water quality domain, particularly
with respect to operational regulation and exotic contaminants.

Figure 2. The water centric 17 Sustainable Development Goals.

5.1. Science & Technology (Tools and Methodologies)

5.1.1. Water Availability

THP’s “Water for Human Settlements”and its UWMP, have been focusing their efforts in
disseminating and promoting the use of artificial intelligence (AI) and of the internet of things (IoT) in
urban water management to address both the issue of water availability in an urban setting, as well as
water quality. The use of sensors, transmitters, Supervisory Control and Data Acquisition (SCADA)
systems, modelling and other tools, can effectively reduce the non-revenue water (NRW) into single
digits and ensure enough water of good quality for people. Furthermore, the Programme and its
urban based initiative (UWMP) have been focusing on intermittent water supply in order to better
understand how this could be avoided or done in a secure and safe manner, to the extent possible.

5.1.2. Water Quality

Water quality can be remotely monitored via the use of satellite information. The International
Initiative on Water Quality [47] has initiated a project that supports monitoring of Sustainable
Development Goal 6's targets 6.3.2 (Proportion of bodies of water with good ambient water quality) and
6.6.1 (Change in the extent of water-related ecosystems over time), where remote sensing technology
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is used to provide a time series of information related to the pollution (or absence) of the surface
water bodies. The UWMP is currently studying the effects of flooding episodes on water quality and a
publication to this extent is expected in late 2019.

5.1.3. Water Related Hazards

In order to enhance the resilience of communities to floods and droughts, IHP has been developing
the Flood and Drought Monitor [48] and has been providing the technology to various regions around
the globe. The monitor permits the forecasting of extreme events (flooding, drought) well before they
take place. In order to provide an end to end solution, similar tools have been developed, such as
the drought atlas [49], which is coupled with a forecasting system and telephone apps that provide
information to farmers in Latin American countries related to their crops’ irrigation.

5.1.4. Nature Based Solutions: Ecohydrology

The fifth annual theme-oriented report of the United Nations World Development Report (WWDR)
produced by UNESCO’s World Water Assessment Programme focuses on opportunities to harness the
natural processes that regulate various elements of the water cycle, which have become collectively
known as nature-based solutions (NBS) for water [49]. IHP’s work on ecohydrology [50] promotes the
use of the interactions between biota and hydrology to regulate, remediate and conserve ecosystems to
stabilize and improve the quality of water resources. Implementation of ecohydrology is undertaken
through “harmonization” with existing and planned hydrotechnical infrastructures. Twenty-three pilot
projects have been established worldwide to validate and quantify the effectiveness of ecohydrological
solutions [50]. It needs to be stressed that the application of ecohydrology principles can be utilized to
provide clean potable water, as well as to minimize the effects of water related hazards to communities
and the environment.

UWMP has produced knowledge on this topic focused on an urban setting with two publications:
“Capacity building for ecological sanitation: concepts for ecologically sustainable sanitation in formal
and continuing education” and “Aquatic Habitats in Sustainable Urban Water Management”.

5.1.5. Data Management

Data need to be stored in a safe environment that allows its analysis with a view to produce
information for improved water resource management and decision making. Various databases and
platforms have been developed during the past decades, usually at an inhibitory cost to developing
states; especially when multiple licenses are required. IHP’s Water Information Network System
(WINS) is an open access, open source platform for sharing, accessing and visualizing water-related
information, as well as for connecting water stakeholders [51]. WINS allows access to various types of
information (maps, reports, graphs, etc.) covering the entire water cycle, ranging from groundwater
to urban water through gender issues, from a local to a global scale. Information provided in the
form of maps can be combined directly on the platform in order to create new information, and
generate customized maps that can be shared with a large panel of stakeholders such as policy makers,
institutions, researchers, or the civil society.

5.2. International Cooperation

Transboundary basins cover more than half of the Earth’s land surface, account for an estimated
60% of global freshwater flow and are home to more than 40% of the world’s population. Across the
world, 153 countries share rivers, lakes and aquifers, and 592 transboundary aquifers have been
inventoried by UNESCO'’s International Hydrological Programme to date. Transboundary water
cooperation is thus critical for ensuring sustainable management of water resources.

IHP’s PCCP (From Potential Conflict to Cooperation Potential) project facilitates multi-level
and interdisciplinary dialogues in order to foster peace, cooperation and development related to
the management of transboundary water resources. The project follows the idea that although
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transboundary water resources can be a source of conflict their joint management can be strengthened
and even used as a means for further cooperation, contributing to UNESCO’s mandate: to nurture the
idea of peace in human minds.

Further to initiatives such as PCCP, UNESCO and UNECE are co-custodians of the SDG 6 indicator
6.5.2 on water cooperation, who provided in July 2018 the first global baseline. The work to date
reveals that although significant progress has been made, arrangements for transboundary water
cooperation are often absent.

UNESCO was designated as the agency to lead the United Nations International Year of Water
Cooperation (IYWC) in 2013. The organization mobilised an estimated 25 million people around the
world that year, positioning the idea to cooperate instead of compete/fight among countries, regions
and different stakeholders to manage water.

At an urban level, UNESCO via its publications has examined and analysed urban water
conflicts, their origins and nature, and have presented several historical urban water conflict cases and
illustrations of changing conflict nature, including a theoretical analysis of ecological-economic factors
to provide a basis for urban water conflict solution guidelines [52].

5.3. Science-Policy Interface

A collaborative, two-way interaction between science and policy spheres is the key to achieving
practicable water security solutions.

As an intergovernmental organization, UNESCO'’s efforts are mainly focusing on decision makers.
Tools developed are designed to be simple to use and contain the information that is required to make
a science-based decision.

Recently, IHP established a Science Policy Interface Colloquium in Water (SPIC Water) as part of its
Water Dialogues framework. The 1st SPIC Water took place on 14 June 2018 at UNESCO'’s Headquarters
in Paris, France, and brought together ministers responsible for water resource management in
13 countries, along with experts and representatives of Member States [53]. The Colloquium was an
opportunity to take stock of the progress made towards achieving the Sustainable Development Goal
on Water and Sanitation (SDG6). It was organized at the request of Member States to discuss how
UNESCO'’s International Hydrological Programme (IHP) can help to identify science-based solutions,
effective policies and practices on water and sanitation, and support countries in their efforts to
implement the 2030 Agenda.

The ministerial messages highlighted that the 2030 Agenda is promoting local action and positive
changes in institutions at the country level. However, the sustainability of actions remains a challenge.
They also noted the need to harmonize activities and policies at the global, regional and local level
and to adapt targets to the local context. All underlined the need for reinforced human capacity if
the 2030 Agenda was to be implemented in the domain of water. They welcomed the existence of a
forum like SPIC Water, where policy-makers could exchange viewpoints with experts, who provide
the knowledge and information needed to adapt policies based on available knowledge.

The Science Policy Interface Colloquiums on Water will play a significant role in the
implementation of the 2030 Agenda. SDG 6 provides the platform for decision makers at the highest
political level in water resource management to express the challenges they face and for scientists to
adjust their work to cater for their needs. It will thus, guide future research and scientific work to
pursue solutions that can be applied by countries.

SPIC water is designed to complement existing international fora, such as the World Water Forum,
Dushanbe Conference, International Water Weeks, etc., and feed into the discussions during the High
Level Political Forum in New York, when SDG 6 is examined.
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5.4. Human Capital

The uptake of scientific and technological solutions requires particular attention to the
socio-economic drivers at the managerial and public levels. The importance of social capital cannot
and should not be underestimated in achieving water security.

The availability of sound scientific and technological tools cannot provide a solution to water
resource management alone; it requires trained professionals to use them, sensitized decision makers
to understand their importance and informed citizens to accept their results. Capacitating the human
capital is thus the main focus of UNESCO IHP’s investment.

An average of 10,000 experts, decision makers and communities have been trained and/or been
made aware of various issues related to water security over the past two years (2016-2017) in a wide
range of themes (Figure 3) by the efforts of UNESCO’s Water Family.

Training on issues of water security in an urban context have been spearheaded by UNESCO’s
water related Chairs and Category 2 Centres.

Mobilizing International cooperation to
Improve knowledge and innovation to address
water security challenges

ICAT
ADDRESSING : EDUCATION,
TER SCARCITY KEY TO WATER
W"A,D sn WATER AND SECURITY
WATER-RELATED WATER : NEERNG

HUMAN
SETTLEMENTS OF

Developing
institutional
and human
capacities

for water
socurity and
sustainability

{{{ WATER SECURITY, ADDRESSING LOCAL, REGIONAL AND GLOBAL CHALLENGES >>)

Strengthening the Science-Policy interface
1o reach water security at tocal, national,
regional, and global levels

Figure 3. IHP VIII (2014-2021); Water Security: Responses to Local, Regional and Global Challenges.
5.5. Networking

UNESCO’s Water Family is a network of networks comprising of 169 National IHP Committees or
focal points, 37 Category 2 Centres and 50 UNESCO Chairs, along with the Secretariat of the UNESCO
Water Science Division, IHP, WWAP and regional offices that surpass in numbers the staggering
amount of 3000 experts.

Working quite often within the framework of IHP’s International Initiatives [54] and /or within
the implementation of projects and activities in the framework of IHP VIII, UNESCO’s Water
Family provides technical support to Member States in achieving water security and through this,
internationally agreed goals, such as SDGs 6, 11 and 13, and agreement such as the Sendai Framework,
Paris Agreement and the New Urban Agenda.

The framework of IHP’s 17 international initiatives (see Table 1), provides yet an additional
network of experts, who do not necessarily belong to UNESCO’s Water Family institutions but who
contribute to the strategic goals of the organization.
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Table 1. IHP’s 17 international initiatives.

Initiative

Description

Contact Officer

q‘ . ?Nil:t'eg>

Flow Regimes from International Experimental and
Network Data, an international research initiative
that helps to set up regional networks for analyzing
hydrological data through the exchange of data,
knowledge and techniques at the regional level

Mr Abou Amani
a.amani@unesco.org

G-WADI

Global Network on Water and Development
Information in Arid Lands, a global network on
water resources management in arid and semi-arid
zones whose primary aim is to build an effective
global community to promote international and
regional cooperation in the arid and semiarid areas

Mr Anil Mishra
a.mishra@unesco.org

GLOBAL NETWORK OF

WATER MUSEUMS

Global Network of Water Museums, is an IHP
initiative to create synergies within UNESCO with
the aim of better using water museums to improve

water management via communication and
educational activities

Mr Alexander Otte
a.otte@unesco.org

GRAPHIC

Groundwater Resources Assessment under the
Pressures of Humanity and Climate Change, a
UNESCO-led project seeking to improve our
understanding of how groundwater interacts within
the global water cycle, how it supports human
activity and ecosystems, and how it responds to the
complex dual pressures of human activity and
climate change

Ms. Alice Aureli
a.aureli@unesco.org

Hydrology for the Environment, Life and Policy, a
new approach to integrated catchment management
by building a framework for water law and policy
experts, water resource managers and water
scientists to work together on water-related problems

Mr Abou Amani
a.amani@unesco.org

Integrated Water Resources Management, an
initiative implementing IWRM at the river basin
level as an essential element to managing water
resources more sustainably, leading to long-term

social, economic and environmental benefits

Mr Alexandros Makarigakis
a.makarigakis@unesco.org

i
Unite Aakrs + Regionl Cense
Educational Scuestc ang | on Urban Wete U

Cuturadl Oroancasoe . (under Me dusooes of UINESCO|

International Drought Initiative, an initiative aiming
at providing a platform for networking and
dissemination of knowledge and information
between international entities that are actively
working on droughts

Mr Abou Amani
a.amani@unesco.org

International Flood Initiative, an interagency
initiative promoting an integrated approach to flood
management which takes advantage of the benefits
of floods and the use of flood plains, while reducing
social, environmental and economic risks. Partners
include the World Metereological Organization
(WMO), the United Nations University (UNU), the
International Association of Hydrological Sciences
(TAHS) and the International Strategy for Disaster
Reduction (ISDR).

Mr Abou Amani
a.amani@unesco.org

International Initiative on Water Quality, an
international platform to strengthen knowledge,
research and policy, and develop innovative
approaches to tackle water quality challenges

Ms. Sarantuyaa Zandaryaa
s.zandaryaa@unesco.org
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Table 1. Cont.

Initiative Description Contact Officer
International Sediment Initiative, an initiative to
assess erosion and sediment transport to marine, lake
or reservoir environments aimed at the creation of a Mr Anil Mishra

International Sediment Initiative

holistic approach for the remediation and
conservation of surface waters, closely linking
science with policy and management need

a.mishra@unesco.org

(LI

E=isarm

Internationally Shared Aquifer Resources
Management, an initiative to set up a network of
specialists and experts to compile a world inventory
of transboundary aquifers and to develop wise
practices and guidance tools concerning shared
groundwater resources management

Ms. Alice Aureli
a.aureli@unesco.org

LAND SUBSIDENCE
INTERNATIONAL INITIATIVE

Land Subsidence International Initiative is a global
IHP platform for scientific researchers and
institutions, aimed at voluntarily creating the
knowledge base to build, facilitate and foster
cooperation concerning planning, hydrogeological
sciences and water security in urban and coastal
areas, by exchanging expertise and good practices for
a better transfer of knowledge to public policies;

Ms. Alice Aureli
a.aureli@unesco.org

MAR

Managing Aquifer Recharge, an initiative that aims
to expand water resources and improve water
quality with the adoption of improved practices for
management of aquifer recharge (storage
and recovery)

Ms. Alice Aureli
a.aureli@unesco.org

ﬂﬂ "

From Potential Conflict to Cooperation Potential, a

project facilitating multi-level and interdisciplinary

dialogues in order to foster peace, cooperation and

development related to the management of shared
water resources

Ms. Renee Gift
r.gift@unesco.org

UwWMmP

Urban Water Management Programme, an initiative
that generates approaches, tools and guidelines
which will allow cities to improve their knowledge,
as well as analysis of the urban water situation to
draw up more effective urban water
management strategies

Mr Alexandros Makarigakis
a.makarigakis@unesco.org

WHYMAP

World Hydrogeological Map, an initiative to collect,
collate and visualize hydrogeological information at
the global scale to convey groundwater-related
information in a way appropriate for global
discussion on water issues

Ms. Alice Aureli
a.aureli@unesco.org

Catird Orgaramian

World Large Rivers Initiative, while excluding
operational management, aims to establish a purely
scientific global platform of researchers and
institutions to develop, on a voluntary basis, the
scientific foundation for integrated river research by
exchanging expertise and good practice

Mr Abou Amani
a.amani@unesco.org

5.6. More than Science & Technology

The role of social and cultural processes in water security, and social processes ultimately should
be embedded in INRM models and the nexus as new algorithms. This can lead into new understanding
of the complex dynamics between human and natural systems and can pave the way to extending the

scope of risk management.

UNESCO’s multidisciplinary mandate allows the organization to bring solutions that include
various social and human elements in tandem with scientific and technological opportunities. It ensures
that the education element stands on the top of the agenda and that cultural beliefs and customs
are taken into consideration when one designs a training or a way to manage the valuable resource.
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Principles of ethics in the use of technology need to be examined ensuring that services will be provided
in an inclusive manner.

6. Conclusion

The importance of water has, at last, been receiving considerable attention at various fora (e.g.,
Davos World Economic Forum [55] and has been identified as an important element for development
in the post 2015 agenda, receiving the sixth goal of the 2030 Agenda and having a fundamental role in
the Sendai Framework and the New Urban Agenda.

UNESCO'’s International Hydrological Programme’s role is to raise awareness of communities
and decision makers alike on the importance of water in human development and the environment;
to do so in an inclusive and culturally sensitive manner and to assure that a critical mass of experts
exist with geographical and gender balance to support activities and policies geared towards the
solution of the identified challenges.

Water resources management and service delivery face multiple challenges at the local, regional
and global level. When sustainable development is thought of in combination with the conservation of
the environment and the protection of people and from water related natural hazards, the principle of
water security is formed.

UNESCO’s International Hydrological Programme has water security as the core of its work
during its current medium term strategy, IHP VIII (2014-2021) and supports Member States in their
efforts to achieve it. Within this framework, IHP is developing scientific and technological tools for
science based decision making, promotes international cooperation through networking, enhances the
science policy interface and focuses its efforts in the education and training of the human capital at
local, regional and global levels.

Furthermore, the programme operating as the scientific arm of the United Nations on issues
related to Water, plays a forecasting role to ensure the identification of future challenges and that
enough scientific research will be conducted towards the provision of solutions to these challenges,
as they will be the center of development in the near future.

In an urban context, UNESCQO’s IHP-VIII fourth theme is dedicated to water for human settlements
and together with the initiative on Urban Water Management they provide a platform where new
technologies, methodologies and techniques can be identified and tested to achieve a holistic way of
managing water resources and providing sustainable services in the face of water scarcity and other
pressures (such as climate change, pollution and population growth).

An open call is made through this paper for the scientific community active in water to participate
actively in UNESCQO's water related activity and to become a member of the UNESCO Water Family.
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Abstract: Adapting water governance to changing needs, while coping with the uncertainties caused
by climate change and the consequences of urbanisation and demographic growth, is key for inclusive,
safe and resilient cities. The urgency of the challenges calls for innovative practices to enhance water
security and provide better services to citizens, as foreseen by the Sustainable Development Goal
(SDG) 6. The key question is: how to accomplish these objectives? While there is no doubt that
technical solutions are available and play a fundamental role, they represent only part of the solution.
Cities must ensure that the institutional frameworks in place are “fit to fix the pipes”, from accessible
information to adequate capacity, from sufficient funding to transparency and integrity, and from
meaningful stakeholder engagement to coherence across sectoral policies. Building mainly on
recent studies on water governance carried out by The Organisation for Economic Co-operation and
Development (OECD) and specifically on urban water governance, this paper will discuss current
trends and provide a set of tools for policy solutions based on OECD’s 3Ps framework: people,
policies and places. It will conclude by highlighting the importance of improving monitoring and
evaluation for better design and implementation of urban water governance.

Keywords: water governance; infrastructure; urban water management; indicators; SDGs;
stakeholder participation; water policy

1. Water and Cities: A Challenging Future Ahead

People’s well-being and economic activities unquestionably hinge upon a critical component:
water. In cities, water represents both an opportunity to carry out economic and social functions, and a
threat, when consequences of disastrous events hit local economies and ecosystems. Yet, whether water
is a challenge or an opportunity for cities largely depends on how well and efficiently it is governed.
Indeed, urban water governance is about “doing things right” when managing too much, too little and
too polluted water in cities and their hinterlands and providing adequate services.

Megatrends such as demographic growth, urbanisation and climate change increasingly affect
water availability and quality in cities, where most people live and will be living in the future (70% by
2050 [1]). By 2050, water demand will increase by 55% compared to the year 2000, while four billion
people will be living in water-stressed areas. Moreover, 240 million people will lack access to improved
water sources, and almost 1.4 billion people are projected to lack access to basic sanitation [2]. In
some rural and peri-urban areas of Mexico, Greece, Italy, and Portugal, amongst others, fractions of
the population are not connected to water systems or have irregular access to water due to water
scarcity [3].

Extreme water-related events are becoming increasingly frequent in cities all around the world.
This is a challenge for over 80% of surveyed cities (Acapulco de Juarez, Amsterdam, Athens,
Barcelona, Belo Horizonte, Bologna, Budapest, Calgary, Chihuahua, Cologne, Copenhagen, Culiacan,
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Daegu, Edinburgh, Glasgow, Grenoble, Hermosillo, Hong Kong, China; Kitakyushu, Krakow, Lisbon,
Liverpool, Malaga, Marseille, Mexico City, Milano, Montreal, Nantes, Naples, New York City, Okayama,
Oslo, Paris, Phoenix, Prague, Queretaro, Rio de Janeiro, Rome, San Luis Potosi, Singapore, Stockholm,
Suzhou, Toluca, Turin, Tuxtla, Veracruz, Zaragoza and Zibo) from OECD and non-OECD countries [3].
Projections show that more people will be at risk from floods by 2050 (from 1.2 billion today to
1.6 billion), especially in coastal cities [2]. At the same time, cities are facing or are at high risk of
drought. In 2015, in Brazil, for example, a country where 12% of the world’s freshwater resources are
concentrated, Rio de Janeiro and Sao Paulo were hit by the worst drought in 84 years, while other
areas in the country were experiencing flooding [4]. Moreover, these extreme events are incredibly
costly: the severe flooding that hit Copenhagen in 2011 caused about EUR 700 million of damages;
hurricane Sandy in New York City generated USD 19 billion of economic losses in 2012. In October
2018, hurricane Michael in Florida may have caused USD 25 billion in economic losses. Overall,
between 2010 and 2050 the economic value of assets at risk of flood is projected to grow by 340%,
reaching USD 45 trillion [2].

Significant investment is required to renew and upgrade infrastructure. Investment in water
supply and sanitation alone will require USD 6.7 trillion by 2050 and this bill could triple by 2030
if investment is extended to a wider range of water-related infrastructure [5]. For a total of 92% of
surveyed cities obsolete or lacking infrastructure represents the most important challenge for the
future of water management [3].

Current levels of service delivery and water security in OECD and emerging economies should
not be taken for granted. Although cities in the OECD area can provide high quality water services,
they cannot rely on current infrastructure and procedures to maintain acceptable levels of water
supply and sanitation. Global agreements and frameworks, such as the 2030 Agenda for Sustainable
Development, the Sendai Framework and the New Urban Agenda call upon cities to be better prepared
for water-related disasters, and be more resilient and inclusive when providing water services. New
socio-economic paradigms such as the circular economy are calling upon better use and re-use of
natural resources, including water. The key question is how to accomplish these objectives? While
technical solutions are well-known and available, they represent only part of the solution for cities to
manage water in a sustainable, integrated and inclusive way, at an acceptable cost, and in a reasonable
timeframe. Therefore, beyond determining “what-to-do”, it is important to know “who does what”,
“at which level of government” and “how” [5]. In other words, it is essential to implement governance
frameworks that can help cities to adapt to changing circumstances, while maintaining their central
role in local, national and global contexts.

2. Water Governance as a Means to an End

Often water crises are water governance crises: managing water risks of too much, too little,
and too polluted water is all the more challenging if the roles and responsibilities are not clearly
allocated, stakeholders are not engaged, information is not shared and the capacities are not adequate
to anticipate and tackle the risks [6].

The OECD (Organisation for Economic Co-operation and Development) defines water governance
as “the set of administrative systems, with a core focus on formal institutions (laws, official policies)
and informal institutions (power relations and practices) as well as organisational structures and their
efficiency” [6] (p. 28). As such, governance is not synonymous with government, and is distinct from
water management, which refers to operational activities, for instance delivery and recycling [6]. As a
means to an end, governance is “good” if it can solve water challenges; it is “bad” if does not respond
to place-based needs [5].

At urban level, three models of water governance can be distinguished [7]: Hierarchical, Market
and Network governance. The hierarchical model relies on top-down approaches in decision-making
and implementation for water supply and sanitation with centralised public authorities, vertical
accountability and poor stakeholder engagement; the market model is based on a greater empowerment
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of stakeholders for water management and ownership of water assets. It began developing in
the nineties through different forms (e.g., privatisation, corporatisation, contracts between private
operators and municipalities). Finally, the network model builds on the co-operation of private, civil
and public actors and decentralised management approaches [8]. Beyond the theoretical distinctions,
in practice, governance models are hybrid. Market signals, public policies and collective action can
reinforce each other in complex polycentric social systems, where actors at different scales adapt
their rules over time according to the problems they are addressing [9]. In order to do so, a number
of principles and requirements are important, including information provision (e.g., state of the
environment, uncertainty and values); compliance with rules; institutional infrastructure (e.g., research,
social capital, and rules), coordination across levels of government [10].

As a matter of fact, cities are unable to address the complexity of water challenges on their own,
but need to work with lower and higher levels of governments [3] and put in place meaningful
mechanisms for participation. “System thinking” can reduce institutional fragmentation, while
improving co-ordination and coherence across different policies [11].

To provide better understanding and policy guidance on water governance to public, private
and non—profit actors, the OECD together with member states and water experts gathered in the
OECD Water Governance Initiative developed 12 Principles on Water Governance [5]. The Principles
are structured around three pillars: effectiveness, efficiency, and trust and engagement. Governance
should contribute to the definition and implementation of policy goals (effectiveness), at the lowest
possible cost to society (efficiency), while ensuring inclusiveness of stakeholders (trust and engagement)

/T4

Figure 1. The Organisation for Economic Co-operation and Development (OECD) Principles on Water
Governance. Source: OECD (2015), OECD Principles on Water Governance [5].
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The 12 Principles refer to the water policy cycle, from the clear allocation of roles and
responsibilities for water policy making, policy implementation, operational management and
regulation (Principle 1) to regular monitoring and evaluation of water policy and governance
(Principle 12).

3. Water Governance in Cities

In order to identify challenges and responses, the OECD employed an analytical framework that
combined: (i) an assessment of the key factors affecting the effectiveness of urban water governance;
(ii) a mapping of the roles and responsibilities at different levels of government; (iii) an appraisal of
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the main multi-level governance gaps to urban water management; and (iv) a focus on the policy
responses to mitigate fragmentation and to foster integrated urban water management in cities and
their hinterlands [3] (Figure 2).
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Figure 2. The analytical framework for assessing water governance in cities. Source: OECD (2016),
Water Governance in Cities. OECD Publishing, Paris.

3.1. Key Factors Affecting the Effectiveness of Urban Water Governance

Several factors are shaping water governance in cities. According to the main results of the
OECD survey carried out across 48 cities from OECD and non-OECD countries, water decisions in
cities are affected by internal factors as well as by factors external to the water sector. The water
sector is typically capital-intensive, requiring huge investment for infrastructure development and
maintenance [12]. Water infrastructure is ageing, with negative impacts on efficiency and increasing
operative costs due to leakages. This represents one of the greatest challenges for almost all surveyed
cities (92%). Cities like Liverpool, Lisbon and Zaragoza, amongst others, have heavily invested to
reduce leakages and to rehabilitate the pipeline network. In Zaragoza, for example, water losses from
the distribution network have been reduced by more than 40% over a period of ten years (1997-2007).
However, beyond technical solutions, improving the information system, flow monitoring and the use
of performance indicators related to water losses can help reduce both inefficiencies and environmental-
and financial-related costs.

Institutional factors, external to the water sector, highly influence urban water governance.
Amongst them, territorial reforms are affecting the water governance system in 52% of surveyed
cities. For example, in terms of re-organisation of water services delivery, information sharing
across actors initiating new horizontal and vertical interactions, stakeholder engagement, and policy
complementarities across different sectors and between cities and surrounding areas are all crucial. This
has been the case in France, where in 2015, the territorial reform (Nouvelle Organisation Territoriale de
la République, NOTRe) had implications for the transfer of responsibilities on water and sanitation to
communities of municipalities.

Inevitably, water governance is also affected by megatrends such as climate change and urban
growth (79% and 63% of surveyed cities, respectively [3]). Climate change is likely to increasingly
affect the risks of “too much”, “too little” or “too polluted” water. This can exacerbate the competition
between water users. To cope with these challenges, cities would need to combine regulatory
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and economic instruments and to remove governance obstacles to long-term planning for climate
change adaptation.

3.2. Mapping of Roles and Responsibilities

Urban water governance is a shared responsibility across different levels of government.
While central governments have a prominent role in policy-making and regulatory functions, local
governments have a more operative role in water functions, such as drinking water supply and
drainage. Central governments tend to play an important role in water security policy-making and
implementation and are also heavily involved in the regulation of water services [3]. In general, there
is a trend towards the establishment of dedicated water regulatory bodies dealing with tariff regulation
and performance monitoring, amongst other things. In general, this trend accompanies a reform of
the water industry, which might imply a reorganisation of water provisions around fewer but bigger
operators. For instance, this has occurred in Italy, Portugal, England and Wales, where regulators work
with both national and sub-national actors [13].

In most cities surveyed in the 2016 OECD report [3], local governments (municipalities) are the
primary sub-national authorities in charge of designing and/or implementing policies for drinking
water supply and wastewater services. Metropolitan authorities may deal with water supply and
sanitation. For example, the metropolitan area of Barcelona, which is formed by 36 municipalities,
promotes integrated management of water supply and sanitation in the metropolitan area.

There are also a series of co-ordination mechanisms at vertical and horizontal levels to
enhance water security: in Glasgow (United Kingdom) the Metropolitan Glasgow Strategic Drainage
Partnership (MGSDP) is a collaborative venture between local authorities, the Scottish Environment
Protection Agency (SEPA), Scottish Water, Scottish Enterprise, Clyde Gateway and Scottish Canals.
The scope of its responsibilities includes flood reduction and improved water quality. In Italy, the
authorities of the optimal territorial areas (Ambiti Territoriali Ottimali, ATO) ensure local stakeholder
participation in order to manage water services in an integrated manner. The advantage of the
coordination mechanisms is to gather several authorities and stakeholders for a concerted action
towards greater water security and coherent water management, while avoiding overlaps and
duplications. The accomplishment of expected results depends on internal and external circumstances,
including political willingness.

3.3. Multi-Level Governance Gaps to Urban Water Management

Cities face several multi-level governance gaps. In particular, cities may suffer from unstable
or insufficient revenues undermining effective implementation of water responsibilities. A total of
69% of surveyed cities in Reference [3] reported difficulties in raising tariffs for water services. At the
same time, many cities have introduced affordability measures for low-income groups. They consist
of using progressive social tariffs (e.g., Grenoble, Hermosillo, Lisbon); and implementing pro-poor
policies (e.g., Budapest, Calgary, Hong Kong, China) and providing assistance to rural communities
(e.g., Veracruz); grants for low-income families (e.g., Singapore); or social funds for people living in
disadvantaged areas (e.g., Grenoble and Malaga).

Capacity is often the “Achilles” heel” of sub-national governments: many cities are facing technical
and human resources gaps to efficiently manage water. The former relates to planning, quality
information, monitoring and evaluation. The latter covers issues regarding staff, expertise and
managerial capabilities. Water management in cities involves expertise from different fields and
requires the capacity to respond to emergencies (such as in cases of water-related extreme events), to
set up measures for disaster prevention, as well as to carry out ordinary duties, which must all be
implemented in coherence with citizens’ needs and in co-ordination with other policies and sectors.
The cities involved in the OECD 2016 [3] survey reported the lack of staff and managerial competencies
(65%) as the main source of their capacity gap.
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Other multi-level governance gaps are the following: weak articulation between institutional,
functional and hydrological boundaries, which can hinder integrated water management that would
optimise the opportunity cost of investments and the efficient use of water (administrative gap);
fragmentation of tasks and lack of strategic vision across water-related sectors (policy gap); lack of
institutional incentives for co-operation and contradictions between legal and regulatory instruments
at different levels of government (objective gap), as obstacles to long-term and co-ordinated urban
water governance. Moreover, weak stakeholder engagement (accountability gap) also represents a
challenge. Data production (e.g., on the state of environment) can be incomplete or collected irregularly
(information gap).

4. The “3Ps” Framework

OECD (2016) developed the “3Ps” framework (policy, people and places) in response to the above
challenges [3] (Figure 3):

Places

Figure 3. The “3Ps”Framework Source: OECD (2016), Water Governance in Cities. OECD
Publishing, Paris.

Policy: Water governance has consequences for, and can be affected by a number of intrinsically
related policies, such as land use, spatial planning, transport, energy, solid waste, environment,
and agriculture, with impacts on water resource consumption, quality and security. Co-ordination
across policies favours inter-sectoral complementarities while efficiently allocating resources. In the
Netherlands, municipalities carry out “water assessments” to factor in water-related consequences
and costs in spatial planning decisions. Building codes and housing regulation increasingly aim to
reduce water consumption and to protect from water-related risks. In Germany, the City of Cologne
co-ordinates water and spatial planning for new building areas to prevent flood damages from heavy
rainfalls. Beyond planning and legal instruments, policy co-ordination can also take the form of
financial incentives, as in the case of the City of Paris, which defined incentives for farmers to reduce
their use of pesticides in order to protect water and natural resources.

People: A plethora of people from public, private, non-profit sectors to water users themselves
have a stake or play a role in urban water management: urban planners, water service providers,
regulators, advisors and civil society. They all contribute to dynamic and integrated approaches for
water management. Stakeholder engagement can help build trust and ownership, secure willingness
to pay for water services, ensure the accountability of city managers and service providers to end-users
and citizens, set convergent objectives across policy areas and prevent and manage conflicts over water
allocation [14]. Stakeholder engagement is important to raise awareness about current and future
water risks and to build the social and political acceptability of reforms. For example, within the
Local Urban Environment Adaptation Plan for a Resilient City (BLUE AP), the City of Bologna (Italy)
engaged 150 stakeholders during a year of consultations to set climate change adaptation measures,
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including specific measures for water management to cope with water scarcity and floods. Overall,
70 project ideas and six pilot actions were presented.

Places: Water cuts across boundaries. As such, developing a place-based understanding is
required to overcome territorial mismatches and to favour co-operation between cities and their
surroundings (rural and watersheds). In this case, rural-urban partnerships represent win-win-win
solutions benefiting cities, upstream and downstream communities and ecosystems. They consist
in cross-sectoral and holistic sets of initiatives (e.g., within a wider package of environmental policy
initiatives) or are focused on single objectives/projects (i.e., management of water resources) [15].
In Montreal, a multi-stakeholder committee helps improve the quality of discharged water in catchment
areas; in New York City, contracts between the utility and watershed communities help preserve both
water quality and the economic dynamism of the area.

5. Ways Forward: Improving Water Governance in Cities

Urban water governance is critical for managing water-related risks at an acceptable cost and
in a proper time, so that the next generation does not inherit liabilities and costs. Clearly, there is
no “one size fits all” solution. Moreover, cities have different capacities to respond to challenges.
Correctly addressing these challenges requires assessing the range of political, institutional and
administrative rules, practices and processes (formal and informal) through which decisions are
taken and implemented. To support governments in this endeavour, the OECD together with experts
from the public, private and non-for-profit sectors gathered within the OECD Water Governance
Initiative, developed a Water Governance Indicator Framework that cities can use to identify whether
water governance conditions are in place and function or need improvement [16]. The OECD Water
Governance Indicator Framework is a self-assessment tool, which is part of the implementation strategy
of the OECD Principles on Water Governance. The framework is composed of 36 indicators, measuring
the what (policy framework), the who (institutions in charge) and the how (co-ordination tools for
water policies) for each Principle. Differently from other measurement frameworks, the OECD Water
Governance Indicator Framework can provide a global picture on the water governance system, rather
than focusing on specific dimensions (e.g., transparency) or specific functions (e.g., water supply and
sanitation). Information should be gathered through multi-stakeholder dialogues, which can lead to
greater accountability of governments and stakeholders on how they share responsibilities and deliver
the intended outcomes.

Cities can greatly benefit from the multi-stakeholder process to acquire information for each
indicator. In fact, the self-assessment should be carried out in a participative manner in order to
ensure that the process is transparent, neutral and open, as indicated by the 10-step methodology for
self-assessment [16]. An open dialogue across stakeholders can inform policy makers in cities on the
state-of-the-art of water governance and future expectations. This assessment in fact takes into account
the diversity of opinions during the discussion. For each indicator, the assessment is complemented by
the level of consensus amongst stakeholders. This is visually represented by water drops from 1 (low
level of consensus) to 3 (high level of consensus) (Figure 4).

Identifying challenges is the first step towards effective responses for improved water governance
in cities. Notably, cities will be increasingly facing challenges due to climate change and urbanisation,
with consequences on competition for water resources between different users, on water quality and
water security. However, cities are also laboratories for innovation, where experiments and pilots can
take place. As such, fostering dialogue at a local level and building a consensus across a range of
public authorities and stakeholders can help identify innovative, effective and efficient ways forward
to better manage too much, too little and too polluted water now and in the future.
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Figure 4. Visual representation of the Traffic Light System. Source: OECD (2018), Implementing
the OECD Principles on Water Governance: indicator Framework and evolving practices,
OECD Publishing.

Author Contributions: Conceptualization A.A. and writing—original draft preparation, review and editing, O.R.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. UNDESA. Revision of World Population Prospects. Available online: www.un.org/development/desa/en/
news/population/2015-report.html (accessed on 21 February 2019).

2. OECD. OECD Environmental Outlook to 2050; OECD Publishing: Paris, France, 2012.

3. OECD. Water Governance in Cities, OECD Studies on Water; OECD Publishing: Paris, France, 2016.

4. OECD. Water Resources Governance in Brazil; OECD Publishing: Paris, France, 2015.

5. OECD. OECD Principles on Water Governance. OECD: Paris, France, 2015. Available online: www.oecd.
org/governance/oecd-principles-on-water-governance.htm (accessed on 9 March 2019).

6.  OECD. Water Governance in OECD Countries: A Multi-level Approach; OECD Publishing: Paris, France, 2011.

7. Van de Meene, S.J.; Brown, R.R,; Farrelly, M.A. 2011 Towards understanding governance for sustainable
urban water management. Glob. Environ. Chang. 2011, 21, 1117-1127. [CrossRef]

8. Ostrom, E. Beyond markets and states: polycentric governance of complex economic systems. Am. Econ. Rev.
2010, 100, 641-672. [CrossRef]

9. Andersson, K.P; Ostrom, E. Analyzing Decentralized Resource Regimes from a Polycentric Perspective.
Policy Sci. 2008, 41, 71-93. [CrossRef]

10. Dietz, T.; Ostrom, E.; Stern, P.C. The Struggle to Govern the Commons. Science 2003, 302, 1907-1912.
[CrossRef] [PubMed]

11. Tortajada, C. Water governance: Some critical issues. Int. ]. Water Resour. Dev. 2010, 26, 297-307. [CrossRef]

12.  Winpenny, J. Water: Fit to Finance? Catalyzing National Growth through Investment in Water Security,
Report of the High Level Panel on Financing Infrastructure for a Water-Secure World. World Water Council:
Marseille, 2015. Available online: http://www.worldwatercouncil.org/sites/default/files /2017-10/ WWC_
OECD_Water-fit-to-finance_Report.pdf (accessed on 9 March 2019).

13.  OECD. The Governance of Water Regulators, OECD Studies on Water; OECD Publishing: Paris, France, 2015.

14.  OECD. Stakeholder Engagement for Inclusive Water Governance; OECD Publishing: Paris, France, 2015.

31



Water 2019, 11, 500

15.  OECD. Rural-Urban Partnerships: An Integrated Approach to Economic Development, OECD Rural Policy Reviews;
OECD Publishing: Paris, France, 2013.

16. OECD. Implementing the OECD Principles on Water Governance: Indicator Framework and Evolving Practices,
OECD Studies on Water; OECD Publishing: Paris, France, 2018.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

32



. water ﬁw\n\l’y

Article
Assessing Urban Water Management Sustainability of
a Megacity: Case Study of Seoul, South Korea

Hyowon Kim !, Jaewoo Son !, Seockheon Lee 2, Stef Koop 3, Kees van Leeuwen 3,

Young June Choi # and Jeryang Park *

L School of Urban and Civil Engineering, Hongik University, Wausan-ro 94, Mapo-gu, Seoul 04066, Korea;

hyolol@naver.com (H.K.); sjaewool0@daum.net (J.S.)

Centre for Water Resource Cycle Research, Korea Institute of Science and Technology, Hwarangno 14-gil 5,
Seongbuk-gu, Seoul 02792, Korea; seocklee@kist.re kr

KWR Watercycle Research Institute, Groningenhaven 7, Nieuwegein 3433 PE, and Copernicus Institute for
Sustainable Development and Innovation, Utrecht University, Heidelberglaan 2, 3584 CS Utrecht,

The Netherlands; Stef. Koop@kwrwater.nl (S.K.); Kees.van.Leeuwen@kwrwaternl (K.v.L.)

Water Recycle Research Division, Seoul Water Institute, Cheonho-daero 716-10, Gwangjin-gu,

Seoul 04981, Korea; youngjune@seoul.go.kr

*  Correspondence: jeryang@hongik.ac.kr; Tel.: +82-2-320-1639

Received: 17 April 2018; Accepted: 22 May 2018; Published: 24 May 2018

Abstract: Many cities are facing various water-related challenges caused by rapid urbanization
and climate change. Moreover, a megacity may pose a greater risk due to its scale and complexity
for coping with impending challenges. Infrastructure and governance also differ by the level of
development of a city which indicates that the analysis of Integrated Water Resources Management
(IWRM) and water governance are site-specific. We examined the status of IWRM of Seoul by using
the City Blueprint® Approach which consists of three different frameworks: (1) Trends and Pressures
Framework (TPF), (2) City Blueprint Framework (CBF) and (3) the water Governance Capacity
Framework (GCF). The TPF summarizes the main social, environmental and financial pressures
that may impede water management. The CBF assesses IWRM of the urban water cycle. Finally,
the GCF identifies key barriers and opportunities to develop governance capacity. The results indicate
that nutrient recovery from wastewater, stormwater separation, and operation cost recovery of
water and sanitation services are priority areas for Seoul. Furthermore, the local sense of urgency,
behavioral internalization, consumer willingness to pay, and financial continuation are identified as
barriers limiting Seoul’s governance capacity. We also examined and compared the results with other
mega-cities, to learn from their experiences and plans to cope with the challenges in large cities.

Keywords: Integrated Water Resources Management; water management sustainability;
urban resilience; urban water cycle; water governance

1. Introduction

Globally, more than half of the world’s population resides in urban areas, and this figure is
projected to increase to 66% by 2050 [1]. Cities are important engines of innovation and wealth creation,
as well as sources of improved efficiencies for the use of materials and energy [2]. On the other hand,
primarily due to the concentration of people in a relatively small area, cities also act as centres of intense
resource consumption and pollution [3,4]. Rapid urbanization along with the effects of climate change
creates multiple challenges regarding water quality, water scarcity, and flooding resulting in high
vulnerability and, sometimes, unforeseen consequences [5]. Actually, these risks are amplified in cities
that lack the necessary infrastructure and/or institutional arrangements with the adaptive capacity to
cope with these challenges [6,7]. A sustainable city thus requires appropriate and efficient management
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and control of a large variety of issues, notably the availability of sufficient clean freshwater and the
protection against flooding as a prerequisite for health, economic development and social well-being
of their inhabitants [7].

Water management and water governance challenges are often more prominent in larger
cities [6]. Twenty-five million people—50% of the population of the Republic of Korea—reside in the
metropolitan area of Seoul, which is amongst the largest urban regions in the world [8]. The city of Seoul
has undergone extensive growth over the past half-century and has grown into a prosperous metropolis.
The city’s growth has been accompanied by the development and adoption of advanced water
technologies and water policies. However, continuous efforts are necessary to improve Seoul’s water
management to cope with pressures that constantly change and may aggravate due to climate change,
aging infrastructures, and evolving social demands. Moreover, due to its complex geomorphology [9]
and a high spatiotemporal variability in hydro-climatic conditions, water management in Korea has
always been challenging [10].

The City Blueprint® Approach (CBA) has been developed to assess the sustainability of Integrated
Water Resources Management (IWRM) in a municipality [11,12]. The CBA consists of three assessment
frameworks: (1) the Trends and Pressures Framework (TPF), which summarizes the principal social,
environmental and financial pressures that impedes water management, (2) the City Blueprint
Framework (CBF), which provides an overview of the performances of INRM, and, (3) the water
Governance Capacity Framework (GCF), which identifies key barriers and opportunities in urban
water governance (Figure 1). The CBF has been used extensively since its development for rapid
baseline assessments in about 70 cities around the globe. This allows for a comparison with other
cities and facilitates city-to-city learning on strategic planning, exchange of knowledge, experiences,
and best practices [13]. Results for 45 municipalities and regions in 27 different countries have
been published [14], and, a recent update with references to publications and presentations for
70 municipalities and regions in 37 countries is available as an E-Brochure (European Commission:
Brussels, Belgium) on the EIP (European Innovation Partnerships) Water website [15].

G T
Trends and

Pressures | What are the city’s main
Framework challenges?

City Blueprint
Performance
Framework
(CBF)
——
AR, ]
Governance
Capacity | Where can the city's
Framework waler governance be
(GCF) improved?
|

L How adequate is the
city's water
management?

Figure 1. Overview of the City Blueprint Approach which consists of three complementary diagnostic
frameworks to assess the urban water cycle management and governance [12-14].

The aim of this study is to identify barriers, enablers, and city-to-city learning opportunities to
improve Seoul’s water management and resilience. Also, regarding the scale of Seoul, and given that
scale matters for tackling water management challenges, we compare CBF results with other megacities
that were examined in earlier studies [14,15]. This comparative study will allow Seoul to learn from
other well-managed cities and improve on weaknesses that were identified through this assessment.
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2. Materials and Methods

2.1. Study Area

Korea is located in the northeastern part of the Asian continent, and Seoul, the capital of Korea,
is in the northwestern part of the country. Seoul has been the capital of the country for more than
600 years since the foundation of the Joseon Dynasty in 1394. The geographical area of Seoul has
expanded throughout history with the increasing population, and has shown explosive growth since
the end of the Korean War in the early 1950s [16]. The total area of Seoul is 605.2 km? with a population
of 10,112,070 as of 2017 [17]. The population of Seoul increased from 1.7 million in 1950 to 10 million
in 1992, with an average growth rate of 278,583 /year. Since then, the population has stabilized at
around 10 million due to elevated housing prices and the government policy of controlling urban
sprawl by constructing satellite cities and towns around Seoul [16]. Currently, the population density is
around 17,200/km?, which has been sustained for a decade. However, this number is still 70% greater
than the average population density of the 34 other megacities worldwide (10,100/km?). Although
the population density within the administrative boundary of Seoul has stabilized since the early
1990s, the population of the Seoul metropolitan area, which includes several large satellite cities,
keeps increasing and is expected to grow further in coming decades.

Seoul has four distinct seasons with the average temperature varying from —1 °C during the
winter season (from December to February) to 25 °C during the summer season (from June to
August). About 65% of the annual rainfall is concentrated in summer due to the monsoon. While the
highly variable hydro-climatic conditions have already posed many water-related challenges in
Seoul, climate change effects are also apparent in precipitation and air temperature records [18].
While the mean annual rainfall before the 1950s was around 1230 mm, it has now increased to around
1400 mm. The frequency and intensity of torrential rainfall in summer also increased, resulting in
a greater intra-annual rainfall variability [18]. The mean air temperature increased from 10.4 °C in
1909 to 13.4 °C in 2014 by an overall rate of 0.0238 °C/year, which is higher than global trends
of 0.0066 ~0.0189 °C/year [16,19]. This trend has become more significant since the 1950s due to
rapid urbanization and, correspondingly, the urban heat island (UHI) effect [16,20]. Since the UHI
effect increases energy consumption, health problems (e.g., heat strokes), and surface water quality
deterioration, a rapid increase in air temperature poses a serious IWRM challenge [21].

2.2. City Blueprint Approach

In order to assess the trends and pressures, IWRM and the governance capacities of Seoul,
we applied the CBA (Figure 1). Detailed information about the data sources, the calculations and
examples are provided in three questionnaires available on the EIP Water website [15].

2.2.1. Trends and Pressure Framework (TPF)

’

Each city has its own unique social, financial and environmental background. As such, cities
performance regarding urban water management should be carefully assessed based on the context
that has shaped the current state of infrastructure and governance for urban water management.
The TPF aims to provide a concise understanding of these contextual trends and pressures that affect
water management of a city [13]. It is evaluated with 12 indicators, which are divided over social,
environmental, and financial categories (Table 1). Each indicator is scaled from 0 to 4 points, where a
higher score indicates stronger pressure or concern. Note that many of these indicators are evaluated
based on the ranking of the city among all countries, thus a specific score does not necessarily imply
its absolute pressure state [13,15]. After each indicator is scored, these scores are classified into five
categories: no concern (0-0.5), little concern (0.5-1.5), medium concern (1.5-2.5), concern (2.5-3.5),
and great concern (3.5-4). More detailed descriptions of the indicators, data requirements and sample
calculations as well as a critical discussion on its limitations, can be found elsewhere [13,14].
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Table 1. Basic method and features of the Trends and Pressures Framework and City Blueprint
Framework [13,15,22].

Trends and Pressures Framework (TPF)

Goal

Baseline assessment of social, environmental, and financial
pressures

Indicators

Framework

. Urbanization rate
. Burden of disease
. Education rate

. Political instability

Social pressures

. Water scarcity
. Water quality
. Heat risk

1

2

3.

4

5. Flooding
Environmental pressures ?
8.

9. Economic pressure
10. Unemployment rate
11. Poverty rate

12. Inflation rate

Financial pressures

Data

Public data or data provided by Seoul Metropolitan Government

Scores

0: no concern, 1: little concern, 2: medium concern, 3: concern and 4: great concern

Overall score

Trends and Pressure Index (TPI), the arithmetic mean of 12 indicators. Indicators scoring a concern
or great concern (3 or 4 points) are communicated as a priority

City Blueprint Framework (CBF)

Goal

Baseline performance assessment of the state of IWRM

Framework

Twenty-five indicators divided over seven broad categories:
1. Water quality

2. Solid waste

3. Basic water services

4. Wastewater treatment

5. Infrastructure

6. Climate robustness

7. Governance

Data

Public data or data provided by the water and wastewater utilities and cities based on a
questionnaire [15]

Scores

0 (low performance) to 10 (high performance)

Opverall score

Blue City Index (BCI), the geometric mean of 25 indicators

Governance Capacity Framework (GCF)
Goal

Baseline assessment of the governance capacity of a city

Five challenges: (1) water scarcity, (2) flood risk, (3) wastewater treatment, (4) solid waste treatment,
and (5) UHL In each water challenge, 27 indicators are divided over nine broad categories:
Awareness

Useful knowledge

Continuous learning

Stakeholder engagement process

Management ambition

Agents of change

Multi-level network potential

Financial viability

Implementing capacity

Framework

0PN O 0N

Policy documents, scientific literature, and interviews
Total interviewees: 10 (academia: 5, practitioners or civil servants: 5)
2~3 interviewees for each challenge

Data

Scores ‘very encouraging (++)’ to ‘very limiting (——)’

2.2.2. City Blueprint Framework (CBF)

The CBF comprises 25 indicators divided over seven broad categories: (I) water quality, (II)
solid waste, (III) basic water services, (IV) wastewater treatment, (V) infrastructure, (VI) climate
robustness and (VII) governance (Table 1) [5,6]. The indicators are scored on a scale between 0
(very poor) to 10 (excellent). The geometric average of these 25 indicators is the Blue City Index
(BCI) [6,7]. As the CBF was developed as the first framework of the CBA [11], the applications of this
methodology in many municipalities and regions have been published [14,15]. Details regarding data,
calculation of each index, and scaling methods are described in Koop and Van Leeuwen [13] and on
the EIP Water website [15]. For the assessment of Seoul, most of the data were collected from public
sources. For indicators that require self-assessment, the relevant materials and data were collected by
interviewing experts in the Seoul Water Institute and the Seoul Metropolitan Government.

36



Water 2018, 10, 682

2.2.3. Governance Capacity Framework (GCF)

The sustainability of any resource management regime depends on the institutional capacity that
enables adaptive management that can cope with external shocks and pressures [23,24]. The GCF
was developed as the third framework of the CBA to assess the governance capacity of a city that
allows or limits its sustainable management of water [12,23]. The GCF aims to identify the key
enabling or limiting of governance conditions regarding five main urban water challenges that are
relevant to urbanization and climate change. These challenges include (1) water scarcity, (2) flood
risk, (3) wastewater treatment, (4) solid waste treatment, and (5) UHI [23]. For each challenge,
the GCF assesses nine governance conditions, each of which includes three indicators. Each indicator
is evaluated by a Likert-scale scoring method which ranges from ‘very encouraging’ (++) to ‘very
limiting” (——) (Table 1). Since its development, the GCF has been successfully operationalized in
several cities including Amsterdam, Quito, Ahmedabad, and New York City [22,25-27]. More details
on the methodology are reported in Koop et al. [23].

The GCF indicator scoring was done through two steps: (1) preliminary scoring based on an
analysis of policy documents and scientific literature, and (2) confirmatory scoring based on qualitative
semi-structured interviews and surveys with experts to obtain additional details on the governance
for each water challenge. The respondents were categorized as government personnel and academic
scholars. Ten respondents were carefully selected based on their relevance to each of the five water
challenges. Several respondents from the government sector had professional experience in multiple
categories (e.g., flood risk and wastewater treatment). In those cases the interviewees were allowed
to respond to multiple water challenges, resulting in at least two to three responses for each water
challenge (Table 1).

3. Results

3.1. Trends and Pressures of Seoul

All TPF indicators of Seoul ranged from no concern (0-0.5) to medium concern (1.5-2.5),
except heat risk, for which the indicator score was 2.72 (concern). The indicators categorized as
medium concern included education rate, political instability, water scarcity, and economic pressure,
with respective scores of 1.70, 1.92, 1.67 and 2.12. The arithmetic mean of all indicators, i.e., the Trends
and Pressures Index (TPI) was 0.90, which is rather low and comparable to cities in the Netherlands and
Sweden [15]. Among the 11 Asian cities analyzed with CBF, Singapore, with a TPI of 1.0, and Taipei,
with a TPI of 1.4, were most comparable to Seoul. However, the other eight Asian cities (with
TPIs of 1.9~2.6) face greater concerns, generally due to social pressure from high urbanization rates,
environmental pressure from water scarcity, flooding, and heat risk, and financial pressure from low
GDPs [28]. A full overview of TPI scores for 70 municipalities and regions, including 11 Asian cities,
is provided in the most recent version of the E-Brochure [15].

3.2. City Blueprint of Seoul

The CBF presents a snapshot, i.e. the current performance of a city regarding IWRM. The geometric
mean of all 25 CBF indicators, i.e. the Blue City Index, for Seoul is 7.3 (Figure 2). Based on a hierarchical
clustering analysis of CBF indicator scores of 45 municipalities, Koop and Van Leeuwen [14] identified
five different levels of sustainability of IWRM in cities worldwide: (1) cities lacking basic water services
(BCI 0-2), (2) wasteful cities (BCI 2—4), water efficient cities (BCI 4-6), resource efficient and adaptive
cities (BCI 6-8), and (5) water-wise cities (BCI 8-10). According to this categorization, Seoul is classified
as a ‘resource efficient and adaptive city.” Moreover, among the 70 cities assessed so far, Seoul has
one of the highest BCI scores. However, our analysis reveals that there are also opportunities for
improvement. The specific areas where improvement can be made are represented by relatively low
indicator scores. Since many of the indicators obtained a full score of 10, we arbitrarily regarded any
score less than six as the criterion for selecting areas for further improvement. Indicators that scored
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lower than six included nutrient recovery, average age of the sewer network, operation cost recovery,
and stormwater separation (Figure 2a).

Secondary WWT

Attractiveness Tertiary WWT
Water efficiency measures B Groundwater quality

Public participation . Solid waste collected

Management and action plans \> Solid waste recycled
-\

\
Climate robust buildings Solid waste energy recovered

Drinking water consumption Access to drinking water

Climate adaptation Access to sanitation

Green space Drinking water quality
Stormwater separation Nutrient recovery
‘Water system leakages [ Energy recovery
Operation cost recover . Sewage sludge recydin,
P Average a?‘e Sewer WWT margym: ||:ie¥|l:\r 8

@

I .Water quality

VI.Governance < - ., II.Solid waste treatment

VI.Climate robustnes: \  II.Basic water services
NN
\/ \
)  /
/ \
V .Infrastructure IV.Wastewater treatment

(b)

Figure 2. The City Blueprint of Seoul (a) based on 25 indicator scores and (b) the average scores of the
seven categories. The Blue City Index, the geometric mean of all 25 indicators, is 7.3.

Among the seven broad categories, wastewater treatment (IV) and infrastructure (V) have average
scores of 6.4 and 4.0, respectively (Figure 2b). In particular, infrastructure includes three indicators, i.e.
stormwater separation, average age of sewer, and operating cost recovery, where improvements can
be made. In other words, infrastructure improvement is thought to be an effective measure to enhance
IWRM in Seoul.

3.3. The Water Governance Capacity of Seoul

Table 2 shows the results of GCF analysis for five urban water challenges in Seoul, whereas Figure 3
summarizes the average of each indicator score for all five challenges. According to our analysis,
four indicators, i.e., indicator 1.2 local sense of urgency, indicator 1.3 behavioral internalization,
indicator 8.2 consumer willingness to pay, and indicator 8.3 financial continuation, were found to be
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limiting (Table 3). Furthermore, the governance capacity for water scarcity and UHI was relatively
low with a few indicators that limited the governance capacity. Specifically, the indicators 1.2 and
1.3 were found to limit the capacity to govern the challenges of water scarcity, wastewater treatment,
and UHI. In addition, the indicators 8.2 and 8.3 limited the capacity to govern flood risk and solid
waste treatment. Water scarcity was the only challenge with five limiting governance indicator, i.e.,
indicators 1.2,1.3,6.3,7.1, and 7.3.

Table 2. Results of the water governance capacity analysis of Seoul.

Waste Solid Urban
D Cond Ind ‘S'f:tr:t ?iz‘]’(d Water Waste Heat
y Ti Ti Islands

1.1 Community Knowledge
1. Awareness 1.2 Local sense of urgency
1.3 Behavioral internalization

2.1 Information availability
2.2 Information transparency
2.3 Knowledge cohesion

Knowing 2. Useful
knowledge

3.1 Smart monitoring
3.2 Evaluation
3.3 Cross-stakeholder learning

4. Stakeholder 4.1 Stakeholder inclusiveness

3. Continuous
learning

engagement 4.2 Protection of core values
Pprocess 4.3 Progress and variety of options
. 5.1 Ambitious realistic management
Want
aning 5 ]\ga ; agement 55 Discourse embedding
ambition 5.3 Management cohesion
6.1 Entrepreneurial agents
gl;\ngeents of 6.2 Collaborative agents
& 6.3 Visionary agents
7. Multi-level 7.1 Room to maneuver
network 7.2 Clear division of responsibilities
potential 7.3 Authority
8.1 Affordability

Enabling 8. Financial o
Viability 8.2 Consumer willingness to pay

8.3 Financial continuation

9.1 Policy instruments
9.2 Statutory compliance
9.3 Preparedness

9. Implementing
capacity

Yellow: limiting (—); light green: encouraging (+); dark green: very encouraging (++).

Table 3. Overview of the four most limiting governance indicators.

1.2 Local sense of urgency.

To what extent do actors have a sense of urgency, resulting in widely supported awareness, actions, and policies that address the water
challenge?

The perception regarding this indicator varied considerably between the stakeholders. Few experts and NGOs have recognized
the uncertain threats from climate change and urbanization, and express their increasing concerns for the future. However,
most of the general public does not feel this urgency about these water-related challenges.

1.3 Behavioral internalization

To what extent do local communities and stakeholders try to understand, react, anticipate and change their behavior in order to contribute to
solutions regarding the water challenge?

Although actions to improve urban water-related resilience (e.g. separate collection, green roofs, green space) exist, measures are
only taken under external pressure, including restraints and economic incentives.

8.2 Consumer willingness to pay

How is expenditure regarding the water challenge perceived by all relevant stakeholders (i.e., is there trust that the money is well-spent)?
Differences in awareness of the urgency of water challenges in communities determine the willingness to pay for measures.

In general, rates of cost recovery in each neighborhood of the city are lower than the actual costs, even when funds are provided
by the national or local governments, leading the neighborhood to maintain the status quo.

8.3 Financial continuation

To what extent do financial arrangements secure long-term, robust policy implementation, continuation, and risk reduction?

To deal with future water challenges, long-term strategies have been planned in a ten-year cycle. However, since financial
resource allocation support and maintain the status quo, there is a lack of resources to deal with prevention of unpredictable
future risks. Furthermore, some water challenges that seem relatively minor issues for the communities do not receive sufficient
financial resources for research and improvement.
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3.4. Comparison with Other Cities

A full overview of BCI scores for 70 municipalities and regions, including 11 Asian cities,
is provided in Figure 4. Cities with BCIs higher than Seoul are Singapore, and some cities
in the Netherlands (e.g., Amsterdam and Groningen) and Sweden (e.g., Helsingborg, Malmo,
Kristianstad, and Stockholm). As the major purpose of the CBA is city-to-city learning, i.e., improving
implementation capacities of cities and regions by sharing best practices [15], these cities can be prime
candidates for benchmarking. However, except for Singapore (with a population of 5.7 million in
2018), the scales of the other cities are much smaller than Seoul. The city with the largest population
among these cities is Amsterdam with a population of 850,000, which is less than 10% of that of Seoul
(or than 4% of the metropolitan area of Seoul). Also, all cities with BCIs lower than Seoul but higher
than 6.0 are still not comparable to Seoul by scale. As many urban water management policies and
plans are constrained by the scale of a city, e.g. large-scale replacement of sewer networks, we chose
to limit the comparative analysis to megacities of a comparable size, i.e., Istanbul, London, and New
York City (NYC). These are megacities with approximately 8-15 million inhabitants.

1.2 Local sense of urgency
8.1 Affordability 4+ 8.2 Consumer willingness to pay
9.3 Preparedness_ } —_ 8.3 Financial continuation

4.1 stakeholder inclusiveness _ 1.3 Behavioral internalization

\
2.3 Knowledge cohesion // \. 5.1 Ambitious realistic management

8.2 Statutory compliance 7.1 Room to maneuver

9.1 Policy instruments 2.1 Information availability

4.2 Protection of core values 3.2 Evaluation

3.1 Smart monitoring 3.3 Cross-stakeholder learning

2.2 Information transparency 5.3 Management cohesion

6.3 Visionary agentsl N .2 Collaborative agents

6.1 Entrepreneurial agents\x ~ | \ / 2 Clear division of responsibilities
5.2 Discourse embgddin§ ~—| 1 7.3 Authority
4.3 Progress and variety of options 1.1 Community Knowledge

Figure 3. Result of the Governance Capacity Framework (GCF) of Seoul. The 27 indicators are
organized clockwise around the spider web by most limiting (——) to most encouraging (++) for the
overall governance capacity.

The comparison of the 4 megacities is shown in Figure 5. The BClIs are highest for Seoul (7.3),
then London (5.3), New York City (NYC) (4.8), and Istanbul (3.5). The common category with a
high score is basic water services (Figure 5; indicators 7-9). On the contrary, wastewater treatment
(indicators 10-13) and infrastructure (indicators 14-17) showed high variability among these cities.
More specifically, in the wastewater treatment category, London and NYC showed better performance
for the nutrient recovery (indicator 10) compared to Seoul.

In the category of infrastructure, NYC showed a higher indicator score than Seoul for stormwater
separation. The type of sewer system depends upon the history of infrastructure installment of a
city, and typically younger drainage systems are better separated in stormwater and sewage systems.
Thus, Istanbul shows high indicator scores for both the average age of the sewer and stormwater
separation. However, in NYC, the score for stormwater separation is relatively higher than the
average age of the sewer system, which is exactly opposite to Seoul. This implies that there are
opportunities to learn from NYC if Seoul is to improve its sewer system by expanding the portion of
separate stormwater systems. Operation cost recovery is an indicator for which Seoul scores lower
than London.
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Figure 4. Results of the City Blueprint analysis of 70 municipalities and regions in 37 different countries.
The Blue City Index, the geometric mean of 25 indicators of the City Blueprint, has been calculated
according to Koop and Van Leeuwen [13-15]. The BClIs of Seoul, New York City, London, and Istanbul
are highlighted.
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Figure 5. Comparison of 25 indicator scores between Seoul, New York City, London, and Istanbul.

4. Discussion

4.1. The Challenges for Seoul

Analyzing water management and water governance of a megacity, especially when its
infrastructure has been developed over several decades, provides unique insights that may not
be identified in smaller and younger cities. Due to its large scale and past propensity to build
centralized infrastructures driven by economic efficiency, a full-scale replacement or renovation of
these infrastructures to cope with changing conditions may not be economically nor technically feasible
in the short-term. Thus, finding an innovative way to increase resilience in cities may be required and
offers learning opportunities to other megacities, especially those on rapid development trajectories.

South Korea is recognized for its fast, intense economic development and industrialization. This has
been accompanied by rapid urbanization along with an extensive installation of urban infrastructure
in Seoul [29,30]. Due to the urgent need to provide essential water services for the rapidly growing
population in the city, however, past water policies have focused on the expansion of water infrastructure
in a quantitative manner without deliberation for long-term sustainable water management in the urban
environment. This urban development process has been successful as reflected by the CBA analysis,
which categorized Seoul as a ‘resource efficient and adaptive city” with a BCI score of 7.3. However,
climate change and aging water infrastructure act as drivers for further change and new emerging
challenges, which call for further and continuous adaptation and improvement in infrastructure,
policies, and practices of urban water management and governance [7,12]. Improving resilience is the
big challenge. Based on our analysis, we provide some suggestions for priorities to improve INRM
in Seoul, which could potentially transform Seoul from a ‘resource efficient and adaptive city’ to a
‘water-wise city” in the near future.

4.2. Nutrient Recovery

Nutrient recovery is one of the indicators which offers clear opportunities for improving Seoul’s
IWRM as it was shown as the only weakness in the category of wastewater treatment (Figure 1).
Nutrient recovery is necessary in Korea for several reasons: (1) phosphorus is nonrenewable and
a limited resource [31]; (2) Korea entirely depends on the imports of phosphorus; (3) phosphorus
removal from wastewater will significantly contribute to the reduction of eutrophication of surface
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waters. Thus, the introduction of technology for recovering nutrients from wastewater is an effective
option for coping with diminishing resources, while simultaneously reducing eutrophication and
improving surface water quality. However, nutrient recovery from wastewater treatment is a rather
recent technology which still needs further improvement to become economically feasible and to
meet regulations for the quality of recovered materials in many countries. London and NYC recover
phosphorus by producing biosolids. In the UK, 3—4 million tons of biosolids, which is about 75%
of sewage sludge production, are applied annually to agricultural land [32]. Also, NYC produces
approximately 1200 tons of biosolids every day. In 1988, US Federal government banned the ocean
disposal of biosolids, and NYC needed to find alternative uses for this material. The NYC Department
of Environmental Protection implemented a program to beneficially use most of the biosolids to
fertilize crops and improve soil conditions for plant growth [33].

However, biosolids also contain chemical contaminants such as heavy metals and persistent
organic chemicals, which limit the use of biosolids is many countries. This is one of the reasons that
biosolids are not yet actively used in Seoul. Similar problems were observed in Amsterdam, and the
produced struvite (MgNH4PO4-6H,0) can now be applied as fertilizer in parks and sports fields,
preventing contaminants from entering the food chain [34,35]. Currently, in Korea, nutrient recovery
from wastewater treatment plants (WWTPs) is done only by recycling through earthworm rearing
and composting. The national legislation allows the use of these composts for landscaping of gardens,
parks, etc., and not for edible and feed production purposes, as is the case in Amsterdam [34,35].
In 2014, the Seoul Metropolitan Waterworks Research Institute succeeded in developing a device for
recovering phosphorus from sewage, but it has not yet been applied on a commercial scale mainly due
to the economic feasibility.

The recovery of nutrients is still not common for WWTPs, even though recovery technologies
are available. Countries like the Netherlands, Denmark, and Germany upgraded their plants recently.
Although there are many economic, technical, and legislative issues to overcome for recovering
nutrients from WWTPs, the limited availability of phosphorous, which is essential for food production,
imposes a potential future geo-political risk. Currently, the economic viability and safety issues for
using the recovered materials are the major barriers that hinder the active introduction of nutrient
recovery facilities in Seoul. However, given that several cities, including Amsterdam, already
installed the technology successfully [34,35], a stronger willingness of the government to achieve
a long-term IWRM will be the most critical decision factor for enabling the new technology to become
economically viable.

4.3. Operation Cost Recovery

Water infrastructure is the most expensive infrastructure in cities [12], which means securing
an adequate long-term financial condition is necessary for effective maintenance and improvement
thereof [36]. However, as the indicator of the operation cost recovery in Seoul shows, it may be a major
obstacle hindering large-scale improvement of the sewer systems [37].

Among the other megacities, London is the only city with a higher score than Seoul. The primary
reason for London’s higher operation cost recovery is privatization in water sectors since 1989.
Although London’s water and sewerage charges are set by the regulator ‘Ofwat’, a non-ministerial
government department that protects the interests of consumers, the charges should ensure the
profitability of water companies. Total annual charges for drinking water and sewerage in London
were 3.98 USD/m? in 2013 [38].

On the contrary, the total annual charge of water services in Seoul is extremely low with
0.53 USD/m? in 2013 [39,40] which makes the realization rate of drinking water and sewerage 89% and
67%, respectively. According to an OECD (Organisation for Economic Co-operation and Development)
survey, the average water price of 114 cities in OECD countries was 3.84 USD/m? and the water price
of Korea is the lowest among the OECD countries [38]. The low water pricing in Korea hinders secure
reinvestment of resources for introducing new water infrastructure and improving old water facilities,
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such as those seen in other indicators. This may pose a serious threat to the long-term water security
and supply stability in Seoul, which may result in a decline in service levels. Given that climate
change tends to increase the vulnerability of water infrastructure in various ways, securing enough
recovery from operation costs will be an essential option to provide water services sustainably to Seoul
citizens. A political discussion and decision on a sufficient water price is one of the key components
for improving urban resilience to unexpected future risks [37].

4.4. Sewer Systems

During the 1970s and 80s, the majority of the sewer system in Seoul was installed with combined
sewers. Since 2000, the installment of separate sewer systems has been given priority. However,
as the sewer maintenance project is limited to only small redeveloping areas, it is unlikely to increase
the portion of the separated sewer system in the short term unless there is a substantial change in
local water policy. Also, adverse effects, such as land subsidence, from the aging of pipe systems
are escalating [16]. Thus, along with expanding separate sewer systems, giving higher priority to
the replacement of old pipes may reduce the water-related risks significantly. The relevance of
infrastructure maintenance is high as observed by both the OECD [7] and UN-Habitat [6].

Combined sewer systems are common in many cities, such as Seoul, London, and NYC. However,
due to a continued increase in the impermeable surface area that increases stormwater runoff and
higher peak precipitation due to climate change, there is a high likelihood of combined sewer overflow
(CSO) [41]. NYC is also concerned about CSOs as 60~70% are combined sewer systems. Since it is a
daunting task to change the existing infrastructure in such large cities, London and NYC have tried to
implement various alternative ways to deal with CSOs. These include the construction of sewer tunnels
or CSO retention tanks, upgrades in key WWTPs, and the development of green infrastructure [42].

Seoul and NYC are trying to increase the portion of separate sewer systems, but it will take a
long time due to the scale of construction. Also, only a partial retrofitting of the whole system may
result in misconnections between the different drainage types, which can cause undesired effects on
sewer management and water quality. In this situation, implementing an alternative way to deal with
combined sewers may serve as a solution for large cities.

4.5. Implications from the Governance Capacity Analysis

Even if weaknesses of specific sectors for the water management of a city can be identified (e.g.,
by CBF), if there is a barrier in the governance for disseminating core information and promoting
future actions for fixing existing weaknesses, a city may not be able to cope with the challenges that
threaten the sustainable provision of water services. Our analysis of the governance capacity indicated
that awareness and financial viability are the weakest governance conditions in Seoul. Specifically,
there is a low local sense of urgency and behavioral internalization for the challenges of water scarcity,
wastewater treatment, and urban heat islands (UHI). Furthermore, there is a low consumer willingness
to pay and financial continuation for the challenges of flood risk and UHI.

There are various efforts in education, promoting the engagement of local stakeholders, and using
media for dispersing the information on water challenges that the citizens may face in the near future.
In spite of these efforts, however, raising the local sense of urgency and behavioral internalization is a
difficult task. Ironically, the most effective boost in awareness can be achieved if the local communities
are frequently exposed to water threats and have experiences encountering inconveniencies within
water services. As one of the cities with well-equipped water infrastructures, Seoul has overcome
various urban water problems that have been the norm in the past. As unprecedented changes
are expected, as indicated by our CBF analysis, it is important to disseminate existing and newly
obtained information to the public as a governance condition for adequately managing urban resilience.
Resilience is not a static property of a system but requires constant adaptation and transformation [43].
Keeping the status quo will not ensure the sustainability of IWRM of Seoul in the coming decades,
as pressures are likely to aggravate. This will require strong governance for raising consumer
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willingness to pay and financial continuation. Without such a sense of urgency as water infrastructures
currently perform well, efforts for enhancing financial capacity and continuity may raise political
objection. Therefore, local stakeholders must perceive that resilience of the current water infrastructure
in Seoul may be adequate to respond to pressures of the past, but not to pressures of the future.
Therefore, in addition to mitigation, it is essential to develop adequate adaptive responses as a means
of moderating damages or realizing opportunities associated with climate change [12,44].

5. Conclusions

We examined the current status of IWRM of Seoul by using the City Blueprint Approach in
order to explore the options for improvement of water management and water governance in Seoul.
This study also sets a good example to the challenges faced in IWRM in megacities, especially those
with well-established water infrastructure. Our analysis revealed that there are several options to
achieve better INRM in Seoul. These include nutrient recovery, stormwater separation, and operation
cost recovery, for which vigorous investments with high priority may provide strong opportunities
for improvement.

When compared to other megacities, stormwater separation is a common weakness. Because of
the large scale of these cities, their urban environment is complicated by the intertwined structure of
multiple infrastructures, reducing the ability to manage infrastructure adaptively. While it is imperative
to increase the portion of separated drainage systems in a city, especially to reduce the risk from
combined sewer overflows, the experiences in other cities show that there are also other sustainable
options such as expanding green infrastructure. When implemented with a long-term view on the
sustainability of IWRM in cities, these options can also enhance other sectors, such as increasing
the green area ratio and reducing impervious surface areas, thereby improving e.g. recreation,
attractiveness and the livability of the city.

Resource recovery is another indicator that can improve Seoul’s IWRM, especially regarding the
depletion of phosphorous reserves in the near future [14]. Due to the early stage of establishment,
nutrient recovery technologies are still not common in use. Low recovery rates, economic feasibility,
and limited applicability of end-products by regulations are barriers that making cities reluctant to
deploy the technology on a commercial scale. Nonetheless, megacities, where large-scale WWTPs
are typically in operation, are the right places since the large flow rate of wastewater can improve
the phosphorous recovery rate with high economic efficiency and profitability and, at the same time,
improve surface water quality. Regarding its necessity in the coming decades, the benefits that a city
gains include securing the depleting resources and relative advantages of a mega-scale for improving
the efficiency, Seoul can benefit from embarking on a path to promote the development and installation
of nutrient recovery technologies.

Several potential barriers—the local sense of urgency, behavioral internalization, consumer
willingness to pay, and financial continuation—that may retard the efforts for improving urban water
management sustainability were also identified through the water GCF. This finding is especially
important for cities that rely heavily upon the current system with a false sense of security. A resilient
city requires an adequate preparedness for the occurrence of future threats, as well as an adaptive
capacity to cope with continuously changing pressures [14,44,45].

Many cities are facing similar water-related challenges. Although Seoul gained a high overall
BClI score, it does not necessarily ensure the sustainability of IWRM in the future. Water-related risks
constantly evolve due to non-stationary conditions resulting from urban dynamics and climate change,
and it requires timely adaptation as well as the transformation of a city to respond to the changing
environment [14,44,45]. The challenges of megacities may be proportional to their scale, but large
cities are also known as centers of innovation. Finding sustainable and prompt solutions can be
stimulated by sharing the experiences and knowledge of multiple cities that are trying to cope with
these challenges [15].
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Abstract: In the face of water related risks resulting from climate change and rapid urbanization,
water resources in South African cities have increasingly come under pressure. Following the most
recent drought period (2015-2018), local authorities such as the City of Cape Town are being tasked
with restructuring policy to include climate change adaptation strategies to adapt more adequately
and proactively to these new challenges. This paper describes an evaluation of the water governance
processes required to implement Water Sensitive Urban Design (WSUD) in Cape Town—with
a specific focus on the barriers to, and opportunities for, those processes related to wastewater
treatment, flood risk and the pressing issue of water scarcity. The City Blueprint Approach (CBA)
was selected as the indicator assessment approach for this task. The CBA is a set of diagnostic tools
comprising the Trends and Pressures Framework, the City Blueprint Framework and the Governance
Capacity Framework. This was applied to Cape Town based on in-depth interviews and publicly
available information. The analysis revealed that smart monitoring, community knowledge and
experimentation with alternative water management technologies are important when considering
uncertainties and complexities in the governance of urban water challenges. We conclude that
there is potential for Cape Town to transition to a water sensitive city through learning from this
experimentation and by implementing WSUD strategies that address water scarcity following the
shifts in governance caused by the 2015-2018 drought.

Keywords: Cape Town; City Blueprint Approach; water governance; water scarcity; water sensitive
cities; climate change adaptation

1. Introduction

Cities globally are more and more becoming hotspots for risk and disaster [1], mainly as a result of
rapid urbanization, population growth and the impacts of climate change. South Africa is a semi-arid
country, with rainfall being seasonal and distributed unevenly [2]. It experiences a rainfall average of
less than 500 mm/year (compared to a global average of 869 mm), making it the 30th driest country in
the world [2,3]. Increasing water demand is also putting pressure on the allocation and management
of water resources in South African cities [3]. Recently (2015-2018), a country-wide drought resulted
in severe water shortages in many parts of South Africa, most notably affecting the Western Cape
province and the City of Cape Town (CoCT). In early 2018, with the main storage dams predicted to
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decline to critically low levels, the city announced plans for “Day Zero”, that is, the stage at which
water storage levels reached 13.5%, when the municipal water supply would largely be shut off.

Local authorities are increasingly being tasked with restructuring policy to include climate change
adaptation strategies to deal more adequately and proactively with these new challenges. Conventional,
top-down and fragmented water management paradigms are no longer able to adequately address
water challenges in the current context of uncertainty and complexity [4]. A shift towards adaptive
approaches to urban water management has been proposed in order to address these complexities
whilst ensuring the satisfactory delivery of water services to citizens [4]. One such approach is
termed Water Sensitive Urban Design (WSUD), which encompasses all aspects of the urban water
cycle including stormwater management, wastewater treatment and water supply, and “represents a
significant shift in the way water and related environmental resources and water infrastructure are considered
in the planning and design of cities ... ” [5]. The principles of WSUD have gained importance in terms
of guiding cities around the world in the socio-technical transformations of conventional approaches
needed to aid transitions towards becoming Water Sensitive Cities [6,7].

Applying and implementing WSUD principles in South African cities is challenging owing
to factors such as fragmented institutional structures within municipalities (e.g., different local
government departments working in “silos”), social constraints, as well as financial and human
resource limitations [8]. Water challenges often transcend administrative boundaries and involve
many different departments and/or organizations each with different responsibilities and interests;
therefore, a problem-oriented diagnostic analysis is required instead of focusing on individual water
management departments only [9]. In this paper, we analyse the overall management and governance
(at a local authority level using the CoCT as a case study) of some of the major water challenges that
characterise urban South Africa. We aim to contribute to a better understanding of the barriers to,
and opportunities for, improving the governance capacity to address the pressing issues of water
scarcity, wastewater treatment and flood risk in South African cities. These particular challenges were
selected based on their links to integrated urban water cycle management as the main principle of
WSUD [6]. To achieve this aim, the City Blueprint Approach (CBA) was selected as an appropriate
means of evaluating the required governance processes for a water sensitive Cape Town. The CBA is
an indicator assessment tool comprising the Trends and Pressures Framework (TPF), the City Blueprint
Framework (CBF) and the Governance Capacity Framework (GCF) [9,10]. The current (2015-2018)
water crisis and history of frequent flood events (particularly in low-lying informal areas) in Cape
Town exemplify the relevance of this analysis and may also provide valuable insights for other cities
in South Africa dealing with similar water challenges. Hence, the overall objective of this paper is
to identify where the CoCT can improve its water governance processes in its transition to a Water
Sensitive City.

This paper first provides a detailed explanation of the methods undertaken in applying the CBA
to Cape Town. Secondly, the paper presents the results of the CBF and the GCF assessments of water
scarcity, flood risk and wastewater treatment respectively. The discussion provides a critical refection
on the results and presents the implications for Cape Town’s transition towards water sensitivity.
We conclude with the most significant points in the water governance analysis.

2. Materials and Methods

The City Blueprint Approach was selected as an appropriate means to fulfill the research aim
of evaluating the water governance processes required to implement Water Sensitive Urban Design
(WSUD) in Cape Town. The CBA comprises the TPF, CBF and GCF (see Figure 1). It was developed by
the KWR Watercycle Research Institute in cooperation with Utrecht University, The Netherlands [11]
and acknowledges that every city has its own social, financial and environmental setting in which
water managers have to operate.

50



Water 2019, 11, 292

/ \ =
Trends and
Pressures | What are the city’s main
Framework challenges?
(TPF)
N S
S ]
City Blueprint
City Blueprint

pri :erforman:e L How adequate is the city’s

Ap“m'I ramewaor

water management?
(CBF) &
e ]
(-'_-\\ -
Governance
Capacity L Where can the city's water

Framework governance be improved?
(GCF)

b .

Figure 1. City Blueprint Approach (Koop & Van Leeuwen, 2017 [11]).

Other examples of assessment frameworks that aim to enhance cities’ transitions towards being
water sensitive include, inter alia, the Water Sensitive Cities (WSC) Index by the Cooperative Research
Centre for Water Sensitive Cities and the Principles for Water Sensitive Cities by the International
Water Association (IWA). The development of the WSC Index involved multiple development phases
aimed at improving its functionality, including the prototyping of the Index as applied to two local
authorities in Melbourne, Australia. The feedback from the two pilot studies was used to improve
its functionality, usability, benefits and reliability [12]. Unlike the WSC Index and the CBA, the IWA
Principles do not provide a sustainable water management assessment for cities; instead the principles
provide a framework which is intended to guide city officials to implement and develop their urban
water visions and strategies for water sensitive transitions [13].

The benefit of using the CBA in this assessment relates to the fact that it was first applied to
45 cities in 27 countries before undergoing a critical revision based on the learning experiences obtained
during this process [14]. This revision included: (1) the updating of existing indicators; (2) ensuring
that individual indicators make an equal contribution to the final score (sustainability measurement);
(3) ensuring that indicator results are easy to understand by the end-user; and (4) developing a separate
supplementary framework which supports the undertaking of the main framework. The improved
tool which emanated from the revision was applied to the CoCT and forms part of a larger study to
further assess the feasibility of this approach.

The TPF comprises 12 descriptive indicators and eight additional sub-indicators divided into
social, environmental and financial categories. Each indicator is scaled from 0 to 4 points, where a
higher score represents a higher urban pressure or concern. For seven indicators and sub-indicators a
scoring method is applied based on international quantitative standards. These include the WHO [15]
scoring for burden of disease as well as the World Bank’s scoring for primary education, political
instability, unemployment, poverty, and inflation [16-19]. Finally, the scoring system for groundwater
scarcity and surface water scarcity from the FAO [20] was adopted. These international standardized
indicators are available for most countries. The TPF indicator score is based on the city’s score amongst
all available country scores. As such, all available country scores were ranked and linearly standardized
on a scale from 0 to 4 points. An equation that best fitted this ranking (lowest correlation coefficient:
r = 0.97) was used to calculate the 0—4 point score for the CoCT. These scores are not normative and
only provide an indication of urban pressures with respect to global trends.

The CBF consists of twenty-five indicators, which are divided into seven comprehensive categories:
(1) water quality; (2) solid waste; (3) basic water services; (4) wastewater treatment; (5) infrastructure;
(6) climate robustness; and (7) governance. Each indicator is scored on a scale from 0 (low performance)
to 10 (high performance). The calculation method for each indicator is publicly available [10,21].
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Data for the Cape Town assessment was sourced online, predominantly from publicly available
reports, local policy documents sourced from the city’s website, as well as through interviews with
city officials. The geometric mean of all 25 indicators, the Blue City Index (BCI) was also calculated.
Detailed information on indicator selection and scoring methods for both the TPF and the CBF are
provided by Koop & Van Leeuwen [10,14], whereas data requirements, data sources and examples are
provided on the EIP Water website [21].

The GCF consists of nine categories each with three indicators, which together were used to
determine the governance capacity required to address three selected water challenges: water scarcity,
flood risk and wastewater treatment (as will be outlined in the discussion section). Each of the
27 indicators was scored according to a Likert scale to gauge the subjective opinions and values of
respondents and the analysis of the publicly available documents [9]. The scale ranges from very
encouraging (++) to very limiting (-). A detailed description of each indicator’s pre-defined question
is provided in Table 1. For the indicator-specific Likert scale and link to the literature, we refer to [21].
The scoring for each indicator was based on three steps:

1. A preliminary score was given and substantiated by argumentation based on publicly available
reports, local policy documents, local legislation and online articles.

2. Based on a stakeholder analysis, the main actors involved in each of the water challenges were
selected and interviewees were selected accordingly. In-depth interviews were recorded and
used to improve the written substantiation in order to refine each indicator score. A total of nine
separate in-depth interviews were conducted, five of which were with city officials, two with
academics and another two with local water experts. The interview questions focused on three
themes relating to knowledge, management practices and implementing capacity.

3. Interviewees were asked to provide constructive feedback, additional arguments and information
sources to further improve the accuracy of the indicator scores.

Although the methods employed helped to fulfil the research aim, there were still unavoidable
limitations to the research. Firstly, the data for this research was gathered during the time when
the CoCT was experiencing a severe water crisis (2017). For this reason, organizing and scheduling
interviews with city officials proved to be a challenging task. Scheduling interviews depended on the
availability of respondents and their willingness to participate in the study. During the data collection
period, city officials were especially busy and therefore only a limited number were able to participate.
For this reason, secondary data sources, discussions with other interviewees and follow up emails were
also relied on for information. In addition, it is acknowledged that the interview responses may have
been influenced in some way by the ongoing water crisis. Despite this being the case, all responses
from the respondents offered an extremely valuable contribution to this research.

The scoring of the qualitative indicators of the GCF by the researcher was to some degree
subjective, thus increasing the potential danger of the indicators not being scored accurately. With the
intention of ensuring that this process was carried out as effectively as possible, the justification for
each indicator score as well as the sources used to score the indicator was recorded by the researcher.
This information was reviewed by the supervisor of this research as well as an academic from the
KWR Watercycle Research Institute.
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Table 1. Overview of pre-defined questions to be answered by the researcher based on a triangular

approach consisting of three steps: (1) literature review; (2) in-depth interviews with selected experts;

and (3) feedback procedure. The full details of the Likert scoring are provided at [21].

Indicator

Pre-Defined Question

1.1 Community
knowledge

To what extent is knowledge regarding the current and future risks, impacts, and
uncertainties of the water challenge dispersed throughout the community and local
stakeholders which may results in their involvement in decision-making and
implementation?

1.2 Local sense of
urgency

To what extent do actors have a sense of urgency, resulting in widely supported awareness,
actions, and policies that address the water challenge?

1.3 Behavioural
internalization

To what extent do local communities and stakeholders try to understand, react, anticipate
and change their behaviour in order to contribute to solutions regarding the
water challenge?

2.1 Information
availability

To what extent is information on the water challenge available, reliable, and based on
multiple sources and methods, in order to meet current and future demands so as to reveal
information gaps and enhance well-informed decision-making?

2.2 Information
transparency

To what extent is information on the water challenge accessible and understandable for
experts and non-experts, including decision-makers?

2.3 Knowledge cohesion

To what extent is information cohesive in terms of using, producing and sharing different
kinds of information, usage of different methods and integration of short-term targets and
long-term goals amongst different policy fields and stakeholders in order to deal with the
water challenge?

3.1 Smart monitoring

To what extent is the monitoring of process, progress, and policies able to improve the
level of learning (i.e., to enable rapid recognition of alarming situations, identification or
clarification of underlying trends)? Or can it even have predictive value?

3.2 Evaluation

To what extent are current policy and implementation continuously assessed and
improved, based on the quality of evaluation methods, the frequency of their application,
and the level of learning?

3.3 Cross-stakeholder
learning

To what extent are stakeholders open to and have the opportunity to interact with other
stakeholders and deliberately choose to learn from each other?

4.1 Stakeholder
inclusiveness

To what extent are stakeholders interact in the decision-making process interaction (i.e., are
merely informed, are consulted or are actively involved)? Are their engagement processes
clear and transparent? Are stakeholders able to speak on behalf of a group and decide on
that group’s behalf?

4.2 Protection of core
values

To what extent: (1) is commitment focused on the process instead of on early end-results?
(2) do stakeholders have the opportunity to be actively involved? (3) are the exit
procedures clear and transparent? (All three ensure that stakeholders feel confident that
their core values will not be harmed.)

4.3 Progress and variety
of options

To what extent are procedures clear and realistic, are a variety of alternatives co-created
and thereafter selected from, and are decisions made at the end of the process in order to
secure continued prospect of gain and thereby cooperative behaviour and progress in the
engagement process?

5.1 Ambitious and
realistic management

To what extent are goals ambitious (i.e., identification of challenges, period of action
considered, and comprehensiveness of strategy) and yet realistic (i.e., cohesion of
long-term goals and supporting flexible intermittent targets, and the inclusion of
uncertainty in policy)?

5.2 Discourse
embedding

To what extent is sustainable policy interwoven in historical, cultural, normative and
political context?

5.3 Management
cohesion

To what extent is policy relevant for the water challenge, and coherent regarding: (1)
geographic and administrative boundaries; and (2) alignment across sectors, government
levels, and technical and financial possibilities?

6.1 Entrepreneurial
agents

To what extent are the entrepreneurial agents of change enabled to gain access to resources,
seek and seize opportunities, and have influence on decision-making?

6.2 Collaborative agents

To what extent are actors enabled to engage, build trust and collaboration, and connect
business, government, and other sectors, in order to address the water challenge in an
unconventional and comprehensive way?

6.3 Visionary agents

To what extent are actors in the network able to manage and effectively push forward
long-term and integrated strategies which are adequately supported by interim targets?
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Table 1. Cont.

Indicator

Pre-Defined Question

7.1 Room to manoeuvre

To what extent do actors have the freedom and opportunity to develop a variety of
alternatives and approaches (this includes the possibility of forming ad hoc, fit-for-purpose
partnerships that can adequately address existing or emerging issues regarding the water
challenge)?

7.2 Clear division of
responsibilities

To what extent are responsibilities clearly formulated and allocated, in order to effectively
address the water challenge?

7.3 Authority

To what extent are legitimate forms of power and authority present that enable long-term,
integrated and sustainable solutions for the water challenge?

8.1 Affordability

To what extent are water services and climate adaptation measures available and
affordable for all citizens, including the poorest?

8.2 Consumer
willingness to pay

How is expenditure regarding the water challenge perceived by all relevant stakeholders
(i.e., is there trust that the money is well-spent)?

8.3 Financial
continuation

To what extent do financial arrangements secure long-term, robust policy implementation,
continuation, and risk reduction?

9.1 Policy instruments

To what extent are policy instruments effectively used (and evaluated), in order to
stimulate desired behaviour and discourage undesired activities and choices?

9.2 Statutory
compliance

To what extent is legislation and compliance, well-coordinated, clear and transparent and
do stakeholders respect agreements, objectives, and legislation?

9.3 Preparedness

To what extent is the city prepared (i.e. there is clear allocation of responsibilities, and clear
policies and action plans) for both gradual and sudden uncertain changes and events?

3. Results

3.1. Trends and Pressures of Cape Town

Table 2 shows the scores of each of the twelve indicators of the TPF, ranging from 0 to 4
(0 indicating the lowest degree of concern and 4 the highest degree of concern). The TPF indicators
for Cape Town that scored between 2.5 and 3.5, that is, representing areas of concern, were burden of
disease, water scarcity, sea water intrusion and salinization, river peak discharges, and inflation.

Table 2. Trends and Pressures Framework analysis for Cape Town. Indicator scores range from 0 to 4
(0 indicating the lowest degree of concern and 4 the highest degree of concern).

Category Indicators Sub-Indicators Indicator Scores
1. Urbanization rate 1.725
2. Burden of disease 3
1. Social pressures
3. Education rate 245
4. Political instability 2.104
5.1 Fresh water scarcity 3
5. Water scarcity 5.2 Ground water scarcity 1
5.3 Salinization and/or seawater intrusion 3
6.1 Urban drainage flood 1
2. Environmental 6. Flood risk 6.2 Sea-level rise 0
pressures
6.3 River peak discharges 3
7.1 Surface water quality 0.632
7. Water quality 72 Biodiversity 128
8. Heatrisk 0.4
9. Economic pressure 3.54
10.  Unemployment rate 4.1
3. Financial pressures
11. Poverty rate 1.81
12. Inflation rate 3.17
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Fresh water scarcity is an important factor, as Cape Town relies primarily on surface water sources
and water scarcity can negatively impact the socio-economic aspects of a city [8]. It has the potential to
affect human health by increasing the burden of disease. A score of 3 was reported for the salinization
and/or seawater intrusion indicator, highlighting the fact that Cape Town’s groundwater sources
are vulnerable to salinization. Together with seawater intrusion, this can influence the salinity of
groundwater and thus the water quality of freshwater aquifers. This is especially important in the CoCT
as the City’s future water supply augmentation plans include groundwater abstraction. The indicator
score for river peak discharges indicates that flood risk is also an area of concern for water management
in Cape Town. Floods have social, economic and environmental consequences; this includes loss of
human life; increase in water-borne diseases as well as damage to infrastructure. This may result
in certain economic activities coming to a halt as well as disruption of service delivery such as
electricity, wastewater treatment, health care, education and the supply of clean water. Indicators that
received scores between 3.5 and 4, representing increasing levels concern, were economic pressure and
unemployment. The City’s unemployment rate scored as a significant area of concern for Cape Town
and has an impact on the ability of low-income citizens to afford and pay for water and sanitation
services, which is an important revenue stream that enables the CoCT to implement projects and
programs such as water-infrastructure maintenance. The TPF assessment provided insights into the
environmental, social and economic aspects of Cape Town, over which the city has limited influence,
although they do provide the context within which the city water managers must operate.

3.2. City Blueprint of Cape Town

The CBF scores are presented in Figure 2, which gives an indication of the management of Cape
Town’s water cycle. Figure 2 shows the scores for each of the twenty-five indicators, ranging from
0 at the center of the circle increasing outwards to 10. The overall city score (Blue City Index) of 4.9
reflects the fact that Cape Town is currently categorized as a water efficient city (according to Koop &
Van Leeuwen [14].

Secondary WWT
Attractiveness Tertiary WWT
_—

Water efficiency measures Groundwater quality

Public participation Solid waste collected

Climate robust buildings 4

Green space

Management and action plans Solid waste recycled

Solid waste energy recovered

Drinking water consumption Access to drinking water

Climate adaptation Access to sanitation

Drinking water quality

Stormwater separation Nutrient recovery

Water system leakages Energy recovery

S 1i
WWT Energy SR Y cline

Figure 2. City Blueprint Framework analysis for Cape Town. Various components of urban water

Operation cgst recovery
Average age sewer

management are integrated into a framework of 25 indicators that are scored from 0 (low performance:
inner circle) to 10 (high performance: outer circle). The overall score, the Blue City Index is 4.9.

The CBF assessment presents a snapshot of the performance of Cape Town's water system to
illustrate the strengths and weaknesses of Cape Town’s water management. The City scored relatively
well on leakage control as only 9% of water is lost through system leakages, compared to the national
South African average of 25% [22], as well as international cities such as Quito, Ecuador which are
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losing around 30% [23]. Similarly, Cape Town performs well on the delivery of services, scoring 100%
for access to sanitation and drinking water, as well as on the percentage of wastewater/sewage that is
treated. All sewage generated in the city is treated to some level at one of 23 wastewater treatment
works—delivered either through formal sewage networks, or through alternative collection systems
for informal settlements, such as chemical, portable and container toilets. Notwithstanding these
high levels of wastewater treatment, the fact that Cape Town has low energy and nutrient recovery
levels from these treatment processes highlights a major area for improvement. At present there is
energy recovery at only one of the City’s wastewater treatment plants, with methane biogas from
the anaerobic digesters used on site. Currently there is no nutrient recovery as a separate item from
wastewater treatment processes; nutrients are contained in the sludge which is used for agricultural
processes or taken to landfill. There is considerable room to improve the city’s solid waste treatment,
as only ~10% of the city’s waste is recycled [24]). Another potential area of concern is the fact that
sewer networks in Cape Town are 40 years old on average [25]. This increases the probability for
blockages and leakages in sewers and substantially increases the costs to refurbish and replace the
extensive underground network over the next decade.

3.3. GCF Analysis of Cape Town

Table 3 shows the scores for the GCF assessment for Cape Town for each of the twenty-seven
indicators, based on the responses to interview questions and publicly-available information.
The analysis of the CBF for Cape Town provided a basis for the selection of the three water challenges
that were analyzed in depth using the GCF. Although Cape Town scores well on access to drinking
water and drinking water consumption (Figure 2), the current water crisis draws attention to the
specific need to analyze and understand the governance of water scarcity in Cape Town. Similarly,
in spite of adequate access to water and sanitation services in informal settlements (Figure 2), drainage
and flood risk remain serious issues of concern; we therefore deemed it important to further analyze
the governance of flood risk in Cape Town.

Furthermore, the CBF results show that there is room for improvement in energy recovery from
wastewater treatment. Given these points, an in-depth analysis of the governance of water scarcity,
flood risk and wastewater treatment is important as these challenges have an effect on the varying
needs of society such as flood protection, human and environmental health, and water resources.

Table 3. Governance Capacity Framework assessment for Cape Town. Each indicator is scored
according to a Likert scale: — very limiting; - limiting; 0 indifferent; + encouraging; ++ very encouraging.

Water Flood Wastewater

Category Indicators Scarcity  Risk Treatment

1.1 Community knowledge 0 ++ 0

1. Awareness 1.2 Local sense of urgency + + ++
1.3 Behavioral internalization 0 + -
2.1 Information availability + + ++

2. Useful -

knowledge 2.2 Information transparency 0 + +
2.3 Knowledge cohesion 0 + +
3.1 Smart monitoring + 0 +

3 Contmuous 3.2 Evaluation - 0 0

learning
3.3 Cross-stakeholder learning + + +
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Table 3. Cont.

Water Flood Wastewater

Category Indicators Scarcity ~ Risk Treatment

4 Stakeholder 4.1 Stakeholder inclusiveness - 0 0
engagement 4.2 Protection of core values 0 0 0
processes 4.3 Progress and variety of options + 0 +

5.1 Ambitious and realistic management 0 + ++
5 M.anagement 5.2 Discourse embedding - + +
ambition

5.3 Management cohesion + + +

6.1 Entrepreneurial agents 0 + +
6. Agents of 6.2 Collaborative agents ++ ++ ++
change

6.3 Visionary agents 0 + +

7.1 Room to manoeuver + + +
7. Multi-level . 7.2 Clear division of responsibilities 0 0 0
network potential

7.3 Authority + + +

8.1 Affordability 0 - -
8. Financial o
viability 8.2 Consumer willingness to pay + ++ ++

8.3 Financial continuation 0 - +

9.1 Policy instruments 0 0 +
o In}plementmg 9.2 Statutory compliance 0 - +
capacity

9.3 Preparedness 0 ++ +

4. Discussion

The focus of this paper is on the governance capacity of water scarcity, flood risk and wastewater
treatment in Cape Town, hence the findings of the GCF assessment for Cape Town for the three water
management challenges are provided in the sections that follow.

4.1. Water Scarcity

Cape Town is a coastal city in South Africa, with a Mediterranean-type climate, causing it to
experience hot, dry summers and mild, wet winters. The city relies heavily on winter rainfall as
98% of Cape Town’s water supply is supplied by surface water sources from 6 major dams on the
outskirts of the city [26]. The current water crisis has resulted in most governance processes related to
water scarcity in the city being in a constant state of change during the course of 2017/18. For this
reason, the results of the governance assessment of water scarcity in Cape Town reveal the current
situation and may not be representative of a typical year—even though it provides a useful “worst
case” scenario assessment.

A respondent who is a former employee of the CoCT expressed that water scarcity was not
sufficiently high on the city’s agenda before 2017. This is despite the fact that climate change
research has consistently placed emphasis on the possibilities of changing rainfall patterns in the
Western Cape/Cape Town region, with likely adverse impacts on water resource availability for
the region [27,28]. Consequently, the City’s management ambitions before the drought were largely
focused on service delivery objectives such as providing water service points (taps) in informal
settlements and maintenance of infrastructure. This is reflected in the CoCT’s annual Water Services
Development Plan [22]. In addition, a respondent who is a city official stated that planning for water
supply management for the year 2017 was based on a best-case scenario of receiving optimal rainfall.
This indicates that unchanging situations were assumed and therefore planning for severe drought
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conditions was limited. Cape Town therefore scored as 0 (indifferent) for indicator 5.1 ambitious and
realistic management of water scarcity. This is also due to the fact that long-term goals to augment
the city’s water supply by using groundwater, methods of desalination and water reclamation for
potable use have been part of water resources planning processes since June 2007 as part of the Western
Cape Water Reconciliation Strategy [29], however there are no signs that these long-term plans are
being supported by intermittent targets. This resulted in the city being forced to implement plans for
augmentation in a short time span of six to eighteen months in the face of the current drought. This has
proven to be a learning opportunity, as reflected in the fact that Cape Town has recently adopted a
new water management scenario termed the “New Normal” in which the city has been classified as a
permanent drought region. Consequently, the city will no longer exclusively rely on surface water
sources, and resilience to climatic uncertainty is being pursued in its future planning.

Cape Town'’s low score on indicator 5.1 ambitious and realistic management further reveals
that although the city scored as + (encouraging) on both indicator 3.1 smart monitoring and
3.3 cross-stakeholder learning these two governance aspects were not used to enhance planning
and decision making to reduce the city’s long-term vulnerability to drought events. Similarly, the city
scored as + (encouraging) on indicator 3.3 Cross-stakeholder learning as respondents stated that
cross-stakeholder learning is valued, and results are incorporated to enhance optimal decision making.
For instance, various University of Cape Town-related research initiatives with the City, such as Mistra
Urban Futures, FRACTAL and Climate Change Think Tank, which facilitate better understanding
of issues of climate change and sustainability at the city scale between city officials and academics,
have been undertaken. Such cross-stakeholder learning initiatives involve a two-way learning system
between academics and city officials through innovative knowledge sharing practices. Despite the fact
that such programs do not continue indefinitely due to issues such as lack of funding (indicator 8.3),
nevertheless, the knowledge from such research-based initiatives is still useful to enhance decision
making on urban sustainability issues such as water scarcity in Cape Town and could be applied to
other cities in the country. The GCF results also help to illustrate that although Cape Town scored well
on access to drinking water, water scarcity in the City is in fact still a serious challenge.

4.2. Flood Risk

Flooding is a common phenomenon during Cape Town's rainy season, particularly in informal
settlements and expansive low-lying areas such as the Cape Flats, which are prone to extreme
flooding events. For this reason, there is a great sense of urgency to address flood risk in Cape
Town. Enhancing community knowledge and including local communities in addressing flood risk is
high on the agenda for local authorities. An annual multi-departmental ‘Winter Readiness Program’
led by the City’s Disaster Risk Management Centre (DRMC) is run before the onset of each rainy
season. The program aims to implement various measures to mitigate flood risk during the season
whilst raising awareness and increasing community involvement. Practical tips such as how to
raise flooring in homes and diverting flood water away from shacks are distributed to residents of
informal settlements. While planning for the 2016 rainy season, 34 high flood risk areas including
informal settlements were identified for running the program. A component of the program focuses on
clearing stormwater infrastructure of solid waste to ensure its functionality. Community members are
employed to litter-pick and remove sand from drainage systems and the banks of channels. In 2017,
1805 temporary jobs were created and R35 million (approximately $2.4 million) was spent on these
cleaning programs. Information regarding flood risk is also distributed on the city’s website. The city’s
DRMC compiled a series of educational pamphlets named the “Flood-wise pamphlets” which are also
made available on the website. These address issues such as understanding the causes of flooding,
practical solutions to prevent flooding and health issues related to flooding. Hence Cape Town scored
as + (encouraging) on the indicators belonging to the category “awareness” (Table 3).

In addition to the CoCT making strides in addressing flood risk in informal settlements, the city’s
stormwater department has also devised two policies, the Management of Urban Stormwater Impacts
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Policy (MUSIP) [30] and the Flood Plain and River Corridor Management Policy (FPRCMP) [31], which
aim to address the challenge of flood risk in formal developments and quality of stormwater runoff
from developments. For this reason, Cape Town scores as + (encouraging) on indicator 5.2 Discourse
embedding as the city uses different methods to address flood risk in different contexts. The MUSIP
aims to “minimize the undesirable impacts of stormwater runoff from developed areas by introducing WSUD
principles to urban planning...” [30]. The objective of the policy is for all Greenfield development sites,
Brownfield development sites > 50,000 m? and Brownfield development sites < 50,000m? with a total
impervious surface > 15% of site to include a Sustainable Drainage Systems (SuDS) component which
achieves the objectives set out by the policy. The FPRCMP aims to “manage development adjacent to
watercourse and wetlands taking cognizance of the flood regime ... ” [31]. The policy objective is to set back
developments beyond floodplain zones, geomorphological buffers and ecological zones as per the
conditions and requirements of the policy. The development of the MUSIP and the FPRCMP illustrates
that there is a growing understanding of the complexity and uncertainty related to flood risk and
awareness that the development of innovative approaches is crucial. Hence Cape Town also scores as
+ (encouraging) on indicators 5.1 Ambitious and Realistic Management and 5.3 Management Cohesion.

The MUSIP provides a degree of freedom to agents of change to explore new alternatives and to
seize more high-risk opportunities. This is revealed by the City’s score for condition 6 Agents of change
as + (encouraging). Entrepreneurial agents, that is, consultants who design and implement SuDS
technologies in new developments, are essentially given the freedom to experiment with alternative
technologies when implementing these, as the policy does not prescribe what technologies are to be
installed. The policy only requires effective technologies which adhere to the policy’s SuDS objectives,
thereby creating an enabling environment for implementation. This will aid in driving change
as respondents emphasize that experimentation is crucial in legitimizing alternative technologies
which may be otherwise doubted. Despite the fact that the MUSP and the FPRCMP have been
developed to stimulate desired behavior and discourage undesired behavior, the implementation of
these policies (indicator 9.2 statutory compliance) remains difficult for various reasons. For instance,
local government lacks the human resources to check compliance to policy on the ground. Also,
in developments where SuDS are successfully installed maintenance of technologies proves to be
difficult resulting in ineffective performance.

4.3. Wastewater Treatment

Sixty-six percent of the water consumed by Cape Town ends up at twenty-three wastewater
treatment works from where the final treated effluent is discharged back into the environment (CoCT,
2017). The wastewater undergoes treatment processes to ensure that the effluent released into rivers,
the ocean and other water bodies meets prescribed standards. Ensuring that the quality of the effluent
is of acceptable quality to be discharged into the environment requires rigorous monitoring of the
process and functioning of the wastewater treatment systems. The city scored as + (encouraging)
on indicator 3.1 smart monitoring with regard to the governance of wastewater treatment. The GCF
reveals that smart monitoring is essential in ensuring that other governance aspects such as statutory
compliance (indicator 9.2), preparedness for risk and adequate service delivery (indicator 9.3) are
carried out successfully.

The quality of the effluent being discharged from the wastewater treatment works in Cape Town is
monitored by the City on a continuous basis and the results are provided in the annual Water Services
Development Plan. Effluent quality is also reported in accordance with the National Department of
Water and Sanitation’s (DWS) license requirements by way of the Green Drop certification program
for wastewater treatment works nationwide. The Green Drop system is an incentive-based method
which grants Green Drop Status to Water Service Authorities (in this case the CoCT) based on their
level of compliance with wastewater legislation and other best practices as required by DWS. The most
recent Green Drop report was published in 2014, in which Cape Town scored a Green Drop status of
89.7% (Good) based on compliance to Green Drop criteria at all of the City’s wastewater treatment
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facilities [32]. Not only is smart monitoring applied to wastewater effluent quality, but a register
of non-compliance incidents at wastewater treatment facilities is also included in the annual Water
Services Development Plan [22]. The register provides a clear definition of the problem, the cause of the
problem and remedial actions taken. The precautionary principle is adopted for dealing with risks such
as non-compliance incidents, as a departmental Risk Management Register is compiled for the water
and sanitation department where action plans are provided for potential risks. This has resulted in Cape
Town scoring as + (encouraging) on indicator 9.3 Preparedness. Continuous monitoring of wastewater
effluent quality and monitoring of non-compliance incidents enhances the city’s preparedness in
dealing with both sudden and gradual deviations in wastewater treatment processes.

Continuous monitoring of effluent is also important, as effluent is only being discharged into the
environment. Approximately 8% of the total volumes of treated wastewater are currently re-used by
more than 160 industrial and commercial customers [26]. The CoCT has been promoting the re-use
of treated effluent by using an incentive-based method of selling treated water at a price lower than
that of potable water. The drought crisis has prompted the city to plan to increase the percentage of
treated effluent being used. Not only this, another important area of focus for the city is reclamation of
potable water from treated effluent in order to augment drinking water supplies. Wastewater treatment
processes are therefore also being used to promote conservation of the City’s limited potable water
supply. Hence Cape Town scores as encouraging for indicator 7.1 Room to maneuver, as the city has
the opportunity to develop alternatives to address water scarcity in the city.

5. Conclusions

The City Blueprint assessment of Cape Town illustrates the importance of considering
uncertainties and complexities in the governance processes related to urban water challenges.
The governance of wastewater treatment and that of flood risk in Cape Town already embraces
uncertainties, and as a result the level of preparedness to deal with unexpected disaster and risk
is deemed adequate. On the other hand, consideration of the uncertainty and complexity in the
governance of water scarcity has been lacking over the years. This is revealed by the City’s attempts
to implement augmentation schemes in a short time span of six to eighteen months during 2017/18
to address the water crisis. Our study has also revealed that information transparency and access to
information by the public, through social media, posters in public spaces and on the City’s website,
plays an important role in educating the public about water challenges and can be used as a tool to
encourage behavioral change regarding water scarcity. Although the CoCT makes a concerted effort
to ensure that information and knowledge is disseminated to the public, most information is only
available online, for example through the “Water Dashboard’ feature provided on the City’s website,
which may limit some citizen’s access to information. With this being said, it is recommended that
information be provided in places which are easily and frequently accessed by the public such as
schools and shops. In the same light, this point suggests reflection of the GCF methodology which
mainly considers the type of knowledge which is available to the public without considering the fact
that communication platforms can limit access to information.

Furthermore, the GCF illustrates the potential for Cape Town to adopt the principles of WSUD.
The ‘non-conventional’ nature of WSUD options, such as the use of nature-based solutions and green
infrastructure for water supply, stormwater management and wastewater treatment, means that local
authorities may deem it more risky than conventional (grey) water infrastructure. Therefore, successful
implementation of policies such as the Management of Urban Stormwater Impacts Policy and the
Flood Plain and River Corridor Management Policy, which are already underpinned by principles of
WSUD, can be used to give more credibility to the approach. It is crucial for a South African city like
Cape Town “to determine what water sensitivity means in SA taking into account poverty, inequality, lack of
services and context specific challenges” [33]. This assessment has shown that great effort has already
been made in the CoCT to embed local context into addressing water challenges, thus illustrating the
potential for a transition towards water sensitivity. Lastly, the drought is causing a shift in governance
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processes related to water scarcity and has resulted in the adoption of a new management scenario,
the ‘New normal’. There is therefore potential for the principles of WSUD to be implemented in new
strategies relating to water scarcity in Cape Town.
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Abstract: The world will experience an estimated 40% freshwater supply shortage by 2030, converting
water scarcity into one of the principal global challenges that modern society faces. Urban water
reuse is recognized as a promising and necessary measure to alleviate the growing water stress in
many regions. The transformation to widespread application of water-reuse systems requires major
changes in the way water is governed, and countries such as Spain already find themselves involved
in this process. Through the systematic assessment of the city of Sabadell (Spain), we aim to identify
the main barriers, opportunities and transferable lessons that can enhance governance capacity to
implement systems for non-potable reuse of treated wastewater in cities. It was found that continuous
learning, the availability and quality of information, the level of knowledge, and strong agents of
change are the main capacity-building priorities. On the other hand, awareness, multilevel network
potential and implementing capacity are already well-established. It is concluded that in order
to undertake a widespread application of water-reuse practices, criteria examining water quality
according to its use need to be developed independently of the water’s origin. The development and
implementation of such a legislative frame should be based on the experience of local water-reuse
practices and continuous evaluation. Finally, the need for public engagement and adequate pricing
mechanisms are emphasized.

Keywords: water-reuse; governance capacity; water management; water scarcity

1. Introduction

Approximately four billion people experience severe water scarcity during at least one month
per year, while over 500 million people face severe water scarcity, with water consumption exceeding
the renewable resource by a factor of two or more [1]. The agricultural sector is responsible for
70% of the world’s water consumption whereas industry and municipalities withdraw 19% and
11%, respectively. However, Hoekstra et al. estimates that agriculture accounts for up to 92% of the
global urban water footprint [2]. Large increases in freshwater demand can be expected in the next
decade, particularly for industrial production in urban areas [3]. These developments are estimated
to lead to a 50% increase in water demand in developing countries by 2025 [4] and a 40% freshwater
supply shortage worldwide by 2030 [5]. A wide plethora of factors including population growth,
diets shifting towards water-intensive foods such as meat, groundwater depletion, salinization caused
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by unsustainable irrigation, as well as saltwater intrusion and sea level rise, which further increase the
pressure on freshwater resources [1-7]. The impact of water scarcity is expected to lead to substantial
unemployment. In particular, water-dependent labor in arid and semi-arid areas—95% of which are
agricultural jobs—will be affected. This type of unemployment may lead to food insecurity and social
instability that could trigger large scale involuntary migration towards cities and across continents [8].
These risks urge for water-use efficiency and water-reuse.

Wastewater is increasingly being considered, a largely untapped resource for freshwater and
raw materials that can alleviate water stress [7]. At present, high-income countries treat 70% of their
wastewater, upper-middle-income countries 38% and lower-middle-income countries 28%. Only 8% of
the wastewater in low-income countries undergoes any kind of treatment [9]. Altogether, this means
that an estimated 80% of the wastewater is released into the environment untreated [6] which leads
to eutrophication, biodiversity loss and can threaten drinking water, fisheries, aquaculture and
tourism [10]. Reusing treated wastewater therefore has a large potential to alleviate water stress.
Moreover, since 80% of all wastewater is not treated, many Waste Water Treatment (WWT) systems
have yet to be built. Thus, WWT systems and reuse systems may be a promising solution package to
improve public health, reduce water pollution and alleviate water scarcity in particular in water-scarce
urban regions.

The European Commission has recognized the untapped potential of treated wastewater, and has
called for “closing the loop” through a circular economy approach [11]. It recognizes and enables the
reuse of wastewater as a safe solution to reduce water demand. From the total reused tertiary treated
water only 2.3% is for potable purposes whereas most water is reused for irrigation (52%), industry
(19.3%) and non-potable urban applications (8.3%) [12].

In order to reduce water stress by a wider application of wastewater-reuse practices in cities,
major changes are required in the way the water cycle is governed at the local, regional and national
level. Spain is in the middle of such a transformation process where various multi-level governance
barriers and challenges emerge [13]. Despite the fact that a number of water reuse applications
have already been developed and established in many countries, the widespread adoption or
‘mainstreaming’ of water reuse practices appears to be slow and various technical and non-technical
barriers have been published [14-17]. In environmental governance literature, a plethora of social
factors and conditions have been identified that impede or enhance climate adaptation such as water
reuse schemes [18-20]. However, most identified conditions are based on conceptual and theoretical
considerations with a lack of emphasis on empirical validation [18,21,22]. In addition, concepts and
definitions are often inconsistent, non-specific and in part, overlap each other [19,20]. If findings
are not organized in a common framework, isolated knowledge will not cumulate [23]. Hence,
a diagnostic framework is required that facilitates the accumulation of coherent knowledge that could
improve the understanding of the barriers, opportunities and lessons beyond the case study itself [19].
Water scarcity issues transcend administrative boundaries and involve many stakeholders. The capacity
to collaborate, to collectively overcome different barriers, is therefore essential. A promising way
to consistently analyze the main barriers and opportunities that might emerge in the adoption of
water reuse schemes is through the concept of governance capacity. There are multiple definitions of
governance capacity. However, a few common traits can be defined [24]. First, capacity refers to the
ability of actors to jointly act in the face of collective challenges. Second, capacity is the product of
actors’ interaction that is influenced by the socio-institutional setting. Third, actors’ values, culture and
interests shape their interactions and influence collective problem-solving. Accordingly, we apply the
definition of Koop et al. who defined governance capacity as ‘a set of key governance conditions that
should be developed to enable change that will be effective in finding dynamic solutions for water
challenges in cities’ [24].

In this paper, we focus on the governance capacity of cities to alleviate water stress by applying
wastewater-reuse for non-potable purposes. Through a case study in the city of Sabadell (Spain),
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this paper aims to identify the main barriers, opportunities and transferable lessons that can enhance
the governance capacity to implement systems for non-potable reuse of treated wastewater in cities.

This paper has the following structure. Section 2 describes the applied methodology and Section 3
provides the results of the case study. Section 4 provides a discussion of the results and reflects on
possible transferable lessons from Sabadell for other cities in Spain, the Mediterranean and other
water-stressed regions. The main conclusions are provided in Section 5.

2. Methodology

Based on an extensive literature review, Koop et al. [24] developed a diagnostic framework
in order to assess the most important conditions that together determine the capacity to govern
water challenges. The Water Governance Capacity Framework (GCF) consists of three dimensions,
nine conditions and 27 indicators (Table 1). The “knowing” dimension relates to the need to be aware,
understand, and learn about the risks and impacts of policy and strategic choices. The “wanting”
dimension refers to the need for actors to commit, cooperate, act upon ambitions and use their skills to
find solutions. The “enabling” dimension refers to network, resources, and instruments that actors
require to realize their ambitions.

Table 1. Water Governance Capacity Framework (GCF) [24].

Dimensions Conditions Indicators

1.1 Community knowledge
1 Awareness 1.2 Local sense of urgency
1.3 Behavioural internalization

2.1 Information availability
2 Useful knowledge 2.2 Information transparency
2.3 Knowledge cohesion

Knowing

3.1 Smart monitoring
3 Continuous learning 3.2 Evaluation
3.3 Cross-stakeholder learning

4.1 Stakeholder inclusiveness
4 Stakeholder engagement process 4.2 Protection of core values
4.3 Progress and variety of options

5.1 Ambitious and realistic management
5 Management ambition 5.2 Discourse embedding
5.3 Management cohesion

Wanting

6.1 Entrepreneurial agents
6 Agents of change 6.2 Collaborative agents
6.3 Visionary agents

7.1 Room to manoeuver
7 Multi-level network potential 7.2 Clear division of responsibilities
7.3 Authority

8.1 Affordability
8 Financial viability 8.2 Consumer willingness-to-pay
8.3 Financial continuation

Enabling

9.1 Policy instruments
9 Implementing capacity 9.2 Statutory compliance
9.3 Preparedness

Each indicator has its own pre-defined question and indicator-specific 5-point Likert scale, ranging
from very encouraging (++) to very limiting (——) of the overall governance capacity to address a water
challenge. A detailed description of each indicator’s pre-defined question is provided in Table 2. For the
indicator-specific Likert scale and link to the literature, we refer to reference [25]. By substantiating the
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scores of each indicator according to a triangular approach, the findings are validated in a standardized
and reproducible way. This triangular approach consists of three steps:

1. A desk study of scientific literature, official government sources, policy documents and grey
literature resulting in a report of the substantiated preliminary Likert score of each indicator.

2. The construction of a standardized importance/influence matrix to identify stakeholders,
categorize them, and specify their roles and responsibilities [26]. In this matrix, importance refers
to the priority given to satisfy the needs and interests of a stakeholder. Influence refers to the
power of stakeholders to enhance or impede a policy, plan or objective. The importance/influence
matrix consists of four classes: (1) crowd (low importance and low influence); (2) context (low
importance and high influence); (3) subjects (high importance and low influence); and (4) key
players (high importance and high influence). For each class, at least one stakeholder representing
the government, the market and civil society were selected as suggested by Lange et al. [27].
A coding system is applied in this paper to refer to maintain anonymity, where [SR001],
[SR002], [SR003] and so on refer to the conducted interviews. The interviews were conducted
face-to-face, lasted approximately 1 hour each and were recorded to increase the accuracy of the
information gathered.

3. All interviewees were asked for their reactions to the indicator scores and their respective
explanations. Their feedback took the form of additional information and they were asked
to support their statements with reports, policy references, arguments etc. Based on the
incorporation of the aforementioned further input, the final indicator scores were determined.

The selected stakeholders represented the organizations Simbiosy, the General Water Society of
Barcelona (SGAB), the Consortium of Integrated Water Management of Catalunya (CONGIAC),
Sabadell’s wastewater treatment plant, Riusec (EDAR RIUSEC), the University of Barcelona,
the Polytechnic University of Catalonia, the local water service utility, Aigues Sabadell (CASSA),
the Institute of Environmental Assessment and Water Research (IDAA), the Technical Service
Consortium of the Costa Brava, Figueres City Council, Sabadell City council, Barcelona Provincial
Government and the Catalan Water Agency. Experts from the identified key stakeholders were selected
for semi-structured interviews in order to gather the information to score the indicators and also to
receive follow-up questions for clarification or to better understand the content. People with different
roles, expertise and responsibilities were selected to reduce the risk of bias and in order to unravel
socially desirable responses. A coding system is applied in this paper to consistently refer to these
anonymized interviews. The overall indicator scores were determined based on the separate interview
scores and the collection of additional information that may ratify or provide nuance to the interview
findings. Altogether, 16 interviews were conducted during the period, 6 June—6 July, 2017.

Table 2. Overview of pre-defined questions to be answered by the researcher based on a triangular
approach consisting of three steps: (1) literature review; (2) in-depth interviews with selected experts;
(3) feedback procedure. The full details of the Likert scoring are provided on the EIP Water website [25].

Indicator Pre-Defined Question

To what extent is knowledge regarding the current and future risks, impacts, and uncertainties

1.1 community of the water challenge dispersed throughout the community and local stakeholders who may

knowledge result in their involvement in decision-making and implementation?

1.2 Local sense To what extent do actors have a sense of urgency, resulting in widely supported awareness,
of urgency actions, and policies that address the water challenge?

1.3 Behavioural To what extent do local communities and stakeholders try to understand, react, anticipate and
internalization change their behaviour in order to contribute to solutions regarding the water challenge?

To what extent is information on the water challenge available, reliable, and based on multiple

2.1 Information . . :
sources and methods, in order to meet current and future demands so as to reveal information

availability gaps and enhance well-informed decision-making?
2.2 Information To what extent is information on the water challenge accessible and understandable for
transparency experts and non-experts, including decision-makers?
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Table 2. Cont.

Indicator

Pre-Defined Question

2.3 Knowledge
cohesion

To what extent is information cohesive in terms of using, producing and sharing different
kinds of information, usage of different methods and integration of short-term targets and
long-term goals amongst different policy fields and stakeholders in order to deal with the
water challenge?

3.1 Smart monitoring

To what extent is the monitoring of process, progress, and policies able to improve the level of
learning (i.e., to enable rapid recognition of alarming situations, identification or clarification
of underlying trends)? Or can it even have predictive value?

3.2 Evaluation

To what extent are current policy and implementation continuously assessed and improved,
based on the quality of evaluation methods, the frequency of their application, and the level
of learning?

3.3 Cross-stakeholder
learning

To what extent are stakeholders open to and have the opportunity to interact with other
stakeholders and deliberately choose to learn from each other?

4.1 Stakeholder
inclusiveness

To what extent are stakeholders interacting in the decision-making process (i.e., are they
merely informed, are they consulted or are they actively involved)? Are their engagement
processes clear and transparent? Are stakeholders able to speak on behalf of a group and
decide on that group’s behalf?

4.2 Protection of
core values

To what extent (1) is commitment focused on the process instead of on early end-results?

(2) do stakeholders have the opportunity to be actively involved? (3) are the exit procedures
clear and transparent? (All three ensure that stakeholders feel confident that their core values
will not be harmed.)

4.3 Progress and variety
of options

To what extent are procedures clear and realistic, are a variety of alternatives co-created and
thereafter selected from, and are decisions made at the end of the process in order to secure
continued prospect of gain and thereby cooperative behaviour and progress in the
engagement process?

5.1 Ambitious and
realistic management

To what extent are goals ambitious (i.e., identification of challenges, period of action
considered, and comprehensiveness of strategy) and yet realistic (i.e., cohesion of long-term
goals and supporting flexible intermittent targets, and the inclusion of uncertainty in policy)?

5.2 Discourse

To what extent is sustainable policy interwoven in historical, cultural, normative and

embedding political context?

To what extent is policy relevant for the water challenge, and coherent regarding
5.3 Management . o . . .
cohesion (1) geographic and administrative boundaries; and (2) alignment across sectors,

government levels, and technical and financial possibilities?

6.1 Entrepreneurial
agents

To what extent are the entrepreneurial agents of change enabled to gain access to resources,
seek and seize opportunities, and have an influence on decision-making?

6.2 Collaborative agents

To what extent are actors enabled to engage, build trust and collaborate, and connect business,
government, and sectors, in order to address the water challenge in an unconventional and
comprehensive way?

6.3 Visionary agents

To what extent are actors in the network able to manage and effectively push forward
long-term and integrated strategies which are adequately supported by interim targets?

7.1 Room to manoeuvre

To what extent do actors have the freedom and opportunity to develop a variety of alternatives
and approaches (this includes the possibility of forming ad hoc, fit-for-purpose partnerships
that can adequately address existing or emerging issues regarding the water challenge)?

7.2 Clear division
of responsibilities

To what extent are responsibilities clearly formulated and allocated, in order to effectively
address the water challenge?

7.3 Authority

To what extent are legitimate forms of power and authority present that enable long-term,
integrated and sustainable solutions for the water challenge?

8.1 Affordability

To what extent are water services and climate adaptation measures available and affordable
for all citizens, including the poorest?

8.2 Consumer
willingness to pay

How is expenditure regarding the water challenge perceived by all relevant stakeholders
(i.e., is there trust that the money is well spent)?

8.3 Financial
continuation

To what extent do financial arrangements secure long-term, robust policy implementation,
continuation, and risk reduction?

9.1 Policy instruments

To what extent are policy instruments effectively used (and evaluated), in order to stimulate
desired behaviour and discourage undesired activities and choices?

9.2 Statutory To what extent is legislation and compliance, well-coordinated, clear and transparent and do
compliance stakeholders respect agreements, objectives, and legislation?
9.3 Preparedness To what extent is the city prepared (i.e., there is clear allocation of responsibilities, and clear

policies and action plans) for both gradual and sudden uncertain changes and events?
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3. Case Study Description

At present, around 11% of total treated wastewater is reused in Spain [11]. Spain has experienced
several episodes of water stress during the 1990s and the early 21st century. In particular, several acute
droughts led to domestic water cuts and at times required the use of sea-going water tankers from
different locations in the Mediterranean coast [13]. In order to alleviate water stress, the central
government and regional governments have promoted desalination plants and have devised a National
Plan for Water-reuse [13]. In particular, before 2011, approximately 50 municipalities in Catalunya
had approved local regulations to promote decentralized reuse systems. The actions for the use of
reclaimed water in Spain, mainly consist in transporting it for specific uses, such as the watering of golf
courses and public gardens, the cleaning of streets, or for agriculture and industry. The implementation
of a distribution network for reclaimed water, coexisting with the drinking water network, has, to date,
been applied in only a few cities, such as Madrid and Sabadell. Only in Sabadell is water supplied for
the use of flushing toilets.

With a population of over 208,000 people, Sabadell is the co-capital and second largest city of the
County of Valles Occidental in Catalonia, Spain [28]. It is situated 22 km north of Barcelona, in the
basins of the rivers Ripoll and Riusec, both integrated within the Besos River Basin. It is a highly
commercial and industrial city that acts as a driving force for economic and urban development.
A dual network is already applied in a large part of the city that separately distributes drinking water
and treated non-potable water from the EDAR Riusec treatment plant and from groundwater sources.
The second WWT plant of the city, Riu Ripoll, returns treated wastewater upstream of the Ripoll River,
aiming to restore the ecological flow. Together these plants treated 22,544 m> day ! and 14,170 m?
day~! respectively in 2017 [29]. Nonetheless, the total amount of treated non-potable water supplied
through the dual network is only around 274 m® day .

The governance of the water sector in Sabadell is composed of both private and public
stakeholders. In Spain, the national and regional governments mandate the normative and legislative
contexts. Nonetheless, each municipality is responsible for the management of the water in its
jurisdiction. Thus this role falls in the hands of the City council of Sabadell. This municipality,
among others, has subcontracted the private company CASSA to do this. In addition, Water of Sabadell
(CASSA) has recently become part of AGBAR (Aguas Barcelona), which in turn is predominantly
owned by Suez Environment. The stakeholders with high influence and the most interest were
identified as the Catalan Water Agency (state), the Provincial Government of Barcelona (state),
CASSA (market) and the City Council of Sabadell (state). The stakeholders with a high interest
but low influence are EDAR Water Treatment plant (state/market), Network of Cities & Towns for
Sustainability (Civil Society), Consortium of Besos Tordera and the Catalan Association of Friends of
Water (Civil Society).

A desk study of Sabadell’s Integrated Water Resources Management (IWRM)—called a City
Blueprint—was performed within the European POWER project (https://www.power-h2020.eu/)
and indicated that the city is vulnerable to heat risk and water scarcity (Figure 1 [30]). In addition,
financial pressures such as high unemployment (18.4%) and a moderate average GDP per capita
(25,684 USD/year) could affect urban water management investments. Sabadell has a high drinking
water quality, with 187/187 samples that meet the quality standards [29]. Furthermore, Sabadell’s
drinking water consumption of 96 L per person per day is one of the lowest rates in Europe of domestic
water consumption. The average age of the pipes of the drinking water distribution network is 38 years,
so some areas require refurbishment. Non-revenue water accounts for 19.4%.
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Figure 1. Spiderweb of the City Blueprint analysis of the city of Sabadell, Spain. The scores range from
0 (poor performance; centre of the circle) to 10 (high performance; periphery of the circle). The results
are reported in detail in the study by Steflova [30].

4. Results

The results of the Governance Capacity Framework on site research show that the multi-level
governance system of Sabadell is complex and that the reuse of treated wastewater for non-potable
purposes is progressive, but not yet widely adopted in the centralized water governance system in
the area of Catalonia. Figure 2 summarizes the results of Sabadell’s multi-level governance capacity
to alleviate water stress by wastewater-reuse schemes. The indicators are ranked from most limiting
to most encouraging concerning the capacity to govern practices of water reuse. The limiting and
encouraging conditions are presented systematically in accordance with Table 1.

Condition 1: Awareness

The level of knowledge about the region’s water scarcity and the amplifying impact of climate
change are found to be relatively high [SR015]. However, there is little understanding with regards to
how the water is used and distributed within the region, the linkages and interdependencies in relation
to weather patterns, land use or environmental processes (indicator 1.1). Accordingly, the impacts on
the water quality of rivers, groundwater, and the risks and uncertainties associated with the increasing
water scarcity are largely underestimated [SR002-SR011-SR013-SR015-SR016]. The general sense of
urgency of water stress is moderate amongst the citizens [SR001-SR011; indicator 1.2]. Nevertheless,
water conservation strategies (indicator 1.3) such as grey water-reuse on a household level is widely
applied [SR001-SR002-SR004], which is reflected in the city’s low per capita water consumption of
around 96 L person*1 da}f1 ([SR006-SR011] [29]). The latter results from the fact that historically the
region has experienced many droughts, and conservation strategies are engraved into the collective
memory of the region [SR005-SR008-SR010-SR011-SR012-SR014-SR016].
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3.2 Evaluation
9.1 Policy instruments ++ 5.3 Management cohesion
7.1 Room to maneuver 6.1 Entrepreneurial agents

5.1 Ambitious and realistic management 1.1 Community knowledge

1.3 Behavioral internalization 1.2 Local sense of urgency

9.3 Preparedness 2.1 Information availability

9.2 Statutory compliance 2.2 Information transparency
8.3 Financial continuation 2.3 Knowledge cohesion

8.2 Consumer willingness to pay 3.1 Smart monitoring

8.1 Affordability 3.3 Cross-stakeholder learning

7.3 Authority 4.1 Stakeholder inclusiveness
7.2 Clear division of responsibilities 4.2 Protection of core values
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S ok N agents 5.2 Discouree ambaddng Y °f options

Figure 2. Results of the governance capacity to alleviate water stress by wastewater-reuse schemes in
the city of Sabadell, Spain. The 27 indicators are organized clockwise around the spider web circle by
most limiting (——) to most encouraging (++).

Condition 2: Useful Knowledge

The perception regarding the availability, transparency and cohesion of the information varied
considerably between the stakeholders. It was revealed that citizens have limited access to information
(indicator 2.1) and that available information is difficult to locate (indicator 2.2). The regional
meteorological information and the water reservoir data published by the Catalan Water Agency
(ACA) and the regional administration are available but not presented in a way that is intelligible
for the general public [SR011-SR014-SR009]. Furthermore, much of the accessible information is
not fully up-to-date or has a technical nature [SR004-SR007-SR010-SR012-SR014-SR016]. At the city
level there have been strong attempts to improve transparency and information services such as
water saving tips on the back of water bills, education programs and conferences for all who are
interested ([SR001-SR002] [30]). In general, the publicly available information is somewhat limited,
which may be a by-product of limited incentives for stakeholders to communicate with citizens
[SR007-SR010-SR011-SR012-SR014-SR016]. Consequently, the available knowledge about water scarcity
and reuse practices is not cohesive and demonstrates the existence of different perceptions amongst
stakeholders (indicator 2.3).

Condition 3: Continuous Learning

The local water supplier CASSA has an advanced monitoring system (indicator 3.1) that can
rapidly recognize alarming situations such as potable water contamination or leakages, and to some
extent is also able to recognize long-term patterns of consumption, water flow and water quality
[SR001-SR012-SR013]. Nonetheless, a more regional, national or cross-sectorial monitoring and
evaluation of the water sector is largely lacking, leading to fragmented knowledge [SR011-SR014].
According to one interviewee, this is an important reason for the lack of transparency and the sharing of
information between stakeholders [SR007]. Evaluation of policy (indicator 3.2) occurs on an infrequent
basis [SR008], it can be non-directional and susceptible to political shifts [SR013]. The evaluation
procedure is rigid, in particular with respect to the environmental laws, water distribution regulations
and administrative aspects. In consequence, many norms are rather outdated and limit the application
of water-reuse schemes [SR005-SR011-SR012]. For example, despite the higher quality standards of
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treated secondary wastewater compared to other water sources, it is still prohibited to use treated
secondary wastewater as a resource for drinking water [SR001]. Criteria are largely based on the
origin of the water source (e.g., freshwater or recycled wastewater) instead of formulating quality
standards for different use categories. Finally, it was found that learning between stakeholders
(indicator 3.3) occurs on the technical level, and often with respect to narrowly defined topics.
It is not very common that cross-stakeholder learning takes place on a strategic, administrative
or financial level [SR005-SR012]. Many stakeholders are reluctant to share information due to the
sector’s competitiveness. Subsequently, cross-stakeholder learning is limited to a small alignment of
stakeholders with similar interests [SR003-SR008-SR009-SR011].

Condition 4: Stakeholder Engagement Process

On the regional scale it is found that only a few and mostly conventional stakeholders are
included in the decision-making process (indicator 4.1) which ultimately is bilateral and dominated
by the national and regional government and ACA [SR002-SR004-SR005-SR007-SR010-SR011-SR012].
Most stakeholders, including academia for instance, are often only informed or consulted instead
of engaged in decision making [SR005-SR012-SR013-SR015]. The decision-making process can
be described as top-down with little opinion forthcoming from the local level. For example,
local suggestions for more practical water quality norms for water-reuse schemes are not yet widely
included in national guidelines. The water consumers or citizens have little active involvement or
participation in the decision making process, which poses risks that their interests and core values can
be harmed (indicator 4.2). However, citizen engagement is improving substantially (indicator 4.3) and
new bottom-up initiatives as well as collaborations with grassroot organizations are appearing, such
as ecological/green activist groups or basin associations (e.g., the Tordera River Basin Association and
the Amics de I’Aigua civic organization).

Condition 5: Management Ambition

Sabadell aims to be one of the leading cities in water-reuse practices in Europe (indicator
5.1-[SR001-SR013] [28]). However, the city has to deal with fragmented, sometimes contradicting
policies that affect water-reuse practices. In particular, different guidelines exist originating from
different government levels resulting in insufficient management cohesion (indicator 5.3). The national
and regional policy ambitions regarding water conservation are moderate and most interviewees
indicated that the statutory compliance to these policies is suboptimal [SR003-SR010-SR015]. Water
quality and distribution norms are still determined by unilateral decisions, and a lack of sectorial,
geographic and administrative alignment can be seen. Urban space construction permits have been
released in the past even though they go against environmental efforts and restrictions for potential
flood damage prevention [SR008]. Low water fees for agricultural purposes contradict with the efforts
to lower the agricultural sector’s water consumption. Such discrepancies between national laws
and the municipal administrative and geographical context can be observed and reflect a somewhat
limited discourse embedding [indicator 5.2-SR007-SR009-SR014-SR016]. Ultimately, this leads to major
inefficiencies and barriers in implementation of reuse schemes [condition 9-SR013].

Condition 6: Agents of Change

Agents of change are found to have a limited impact on the overall governance capacity. There is
little room for local entrepreneurial agents in the region’s water sector (indicator 6.1). Water is
ultimately publically administrated and even when subcontracted by a private company such as
CASSA, the services are provided by monopolistic clusters and thus the sector is difficult to enter
for entrepreneurs [SR007-SR008-SR009-SR012]. There is some sector-specific entrepreneurial space,
particularly with respect to the technology development [SR011-SR013-SR016]. However, in most cases
entrepreneurs who enter the market would have to work with a larger, already established stakeholder
[SRO01]. Most expertise is accumulated in research centres [SR002] and many entrepreneurs export
their goods and services abroad to areas such as Latin America [SR009]. Most collaborative agents
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(indicator 6.2) are active in close collaboration between a limited number of traditional stakeholders
[SR003-SR014]. More recently, new and more inclusive collaborations are starting to take place.
For example, public communication strategies with respect to household wastewater disposal have
been established between CASSA, Sabadell City Council and ACA. This type of collaboration is often
brief and established for very specific issues or events [SR001-SR016]. A frequent barrier for closer
collaboration is the divergent interests of the involved stakeholders [SR016]. Finally, it is found that
there does not exist a unifying long-term vision or strategy, which transcends different levels of decision
making or enables continuity beyond the political mandate of 4 years [indicator 6.3-SR013-SR014].
The leading body, ACA, is only recently recovering from a chaotic organizational period and thus
their role as a visionary body has yet to be realized. At present, there is no entity that assumes
the responsibility for leading the country’s or region’s water sector towards the implementation of
water-reuse schemes or other water-conserving strategies. Rather, there is a great diversity in local
initiatives that aim to implement water-reuse practices.

Condition 7: Multi-Level Network Potential

It was found that stakeholders have only limited room to manoeuvre (indicator 7.1) due
to inter-organizational difficulties and the strict regulations and procedural demands of the
ACA. Particularly with respect to the use or distribution of water permits, implementation is
difficult [SR007-SR011]. A distinction between the private and public entities can be observed.
Public management has more rigid structures and procedures whereas private management typically
has more room and independence to determine strategies and to experiment [SR001-SR010-SR013].
Private companies can use this internally to remain flexible and to improve continuously
[SR009-SR014-SR016]. In Sabadell, room to manoeuvre is also ensured by a long-term contract between
the water supplier CASSA and the city council. The division of responsibilities (indicator 7.2) in
Sabadell is mostly clear but also somewhat inflexible [SR005-SR007-SR008-SR011-SR012-SR014-SR015].
Water management is primarily the responsibility of each individual city council, with ACA and the
Catalan government merely inspecting that municipalities comply with existing legislation. This leads
to divergent, contradictory and overlapping approaches between different levels of decision-making
[SR009-SR010-SR013-SR016]. There are also gaps identifiable, in particular with respect to financial
responsibilities. It is unclear which organizations will finance the necessary infrastructural
refurbishments [SR014]. ACA’s authority is strong [indicator 7.3-SR008-SR011-SR015-SR016].
However, some argue that ACA’s procedural demands may hinder the progress of the water sector,
and procedures sometimes resonate with political shifts [SR015-SR001-SR007] due to organizational
and financial uncertainty [SR014]. Partly as a result of this, the region of Catalonia lacks a clear
centralized visionary leadership to enhance water-reuse practices [SR010-SR011]. On the other hand,
the role of ACA is primarily to act as an arbiter that balances and arbitrates between the interests of
different stakeholders [SR008]. However, with respect to water-reuse practices, strict control of existing
regulations impedes further progression. ACA is in the position to unify the many different municipal
approaches to implementing water-reuse schemes. Given the many experiences and promising
results it would appear to be the opportune moment to develop a coherent legislative framework for
water-reuse practices in cities.

Condition 8: Financial Viability

Basic water services are accessible for everyone. These services are either affordable or there
are funds that support the most marginalized communities (indicator 8.1). Affordability for climate
change adaptation is low because the possibility that citizens can apply to reduce the current and
future impacts of climate change-induced water stress are rather limited. Although non-potable water
reuse is feasible, legislation limits its distribution and only those living in a few specific areas of the
city that possess dual networks can make use of it [SR001]. The water consumer’s willingness to
pay (indicator 8.2) is however also restricted to basic services, and willingness to pay extra for an
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extension of the dual networks is relatively low, with citizens indicating that these extra investments
should be financially supported by the government in consultation with the service provider CASSA
[SR001-SR002-SR012-SR015]. The structure that can ensure financial continuity (indicator 8.3) of
water-reuse practices (indicator 8.3) was observed to be very diverse among stakeholders and
governance levels. At the national, Catalan, provincial and municipal level the continuity of funding
for any climate change adaptation measures—including water-reuse practices—is largely susceptible to
temporary, ad hoc, short-term policies [SR005-SR012-SR014]. At present, infrastructure refurbishment
requires an estimated €3 million in Sabadell [SR013]. In order to build new infrastructure to promote
the use of non-potable water, additional financial support will be required.

Condition 9: Implementing Capacity

Implementing capacity has been found to have both encouraging and discouraging factors.
Some policy instruments (indicator 9.1), such as a progressive tax on water consumption or a
connection tax for new water distributions, are being used effectively to incentivize low water
consumption. Statutory compliance (indicator 9.2) is adequate, the legislation is generally respected
and all stakeholders comply because noncompliance is an unnecessary risk [SR005-SR007]. There is
good understanding of the dynamics of reservoirs and a lot of experience from past drought events that
can be employed to mitigate future drought events in the region. Water-reuse practice is increasingly
being recognized as a promising and necessary climate adaptation measure. In municipalities such
as Sabadell, important progress has been made to implement water-reuse schemes. Sabadell has
a long-term mitigation strategy and the city has demonstrated a capacity to respond efficiently
to water stress in the past. However, given that it has rained in the past months and that water
reservoirs are full, ensuring water supply for the region for the next 2 years, the issue of increased
water stress has temporarily been put aside [SR005-SR014-SR004]. Hence, structural preparation
(indicator 9.3) and infrastructural investments to mitigate water stress within a 30 or 50 year time
frame appears to be an inevitable necessity. Some interviewees expressed their concern that the
region is ill prepared for the impacts of climate change in the long run and current efforts seem to be
insufficient [SR002-SR003-SR015]. Hence, the ability of Catalonia to prepare for future water stress
within the next decades will be largely dependent on the willingness to learn from and enable local
water-reuse practices.

5. Discussion

In order to reduce water stress by a wider application of wastewater-reuse practices, major changes
are required in the way the water cycle is governed at the local, regional, national and international
level. Spain is currently experiencing this transformation, with different multi-level governance
barriers and challenges emerging. Governance capacity is essential to collaborate effectively and to
overcome these barriers. Our results demonstrate that Sabadell has gained considerable experience
and has demonstrated a willingness to extend the reuse of municipal wastewater. The study has
identified barriers and opportunities, revealing common factors and trends that are likely to manifest
themselves in other municipalities not only in Spain, but throughout the Mediterranean and other
water-scarce regions.

5.1. Coherent Legislative Frame Required to Support Water-Reuse

Through our case study of Sabadell, we found that legislative restrictions and inconsistencies
imposed by regional and national regulations impeded the city’s water reuse practices. In Europe,
the lack of common water-reuse criteria has been identified as an important factor restricting
the expansion of water-reuse practices [31]. France, Cyprus, Greece, Italy, Portugal and Spain
do have national policies on water reuse that focus mainly on agricultural irrigation. However,
more focus on criteria for other applications are necessary to exploit the full potential of water
reuse. Several regions in Spain already widely apply water-reuse [31]. Royal Decree 1620/2007
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provides the legal clearance and the Wastewater-reuse National Plan gives orientation and proposes
procedures and criteria for the following applications: (a) urban uses such as garden irrigation, street
cleaning, and fire fighting, as well as household applications such as toilet flushing; (b) irrigation
of agricultural crops and use in aquaculture; (c) industrial uses such as in cooling towers and
evaporative condensers; (d) leisure; and (e) environmental applications including aquifer recharge,
forest irrigation, and wetlands maintenance [32,33]. However, overly strict legislative water quality
standards together with a demanding licensing process slow down Spanish municipal efforts to reuse
treated wastewater [34]. A reoccurring issue is that norms discriminate water, based on its source rather
than on its properties, which is unfounded given the advanced treatment methods that ensure adequate
water quality. In order to realize a widespread application of water-reuse practices, it is necessary to
develop reclaimed water quality criteria per use category, independently of the water’s origin [31].
The legislative framework tends to be overly precautious, which does not reflect, nor support, the
ambitions and efforts of local stakeholders aiming to implement this innovation. At present, municipal
experiences with water reuse are not fully taken into account in the evaluation of regional and national
policy. Moreover, periodical shifts in political parties further impede the development of a coherent
policy that supports water-reuse schemes [SR013-5R014]. Hence, guidelines and learning experiences
are divided between a heterogeneous range of stakeholders, indicating that improved coordination
through coherent regulation could boost the mainstreaming of municipal reuse of treated wastewater.

5.2. Realising Public Engagement for Non-Potable Water-Reuse

The public’s awareness and understanding of the safety and applicability of reclaimed water
is essential to the success of any water-reuse program [15] and requires public engagement [35].
The vast majority of Spanish, European and Western societies have organized urban water systems,
applying a centralized approach. Such systems allow for the large-scale collection and treatment of
wastewater making it cost efficient due to their economy of scale [13]. On the other hand, alternative,
decentralized systems typically give citizens the responsibility to collect, treat or dispose their water.
Decentralized reuse systems are in most cases a more expensive option [13-36], in particular in
urban areas where such investments in centralized water infrastructure have already been made [36].
However, there remains a persistent lack of public engagement in centralized water systems because
the user, who is disconnected from water treatment, takes these services for granted, and is often
not aware of the challenges and risks involved. The level of public acceptance is a key factor in the
implementation of water-reuse schemes [15]. Numerous reasons why the public has a tendency to be
reluctant in supporting general water-reuse, potable as well as non-potable, have been studied across
the globe [14]. Common results are that potential consequences are unknown due to their (perceived)
limited experience, implementation is seen as being irreversible, and citizens feel that they have little
control over the process [35]. The source of reused water is viewed as being unnatural and even toxic,
which leads to the irrational, well recognized psychological “Yuck factor” [36,37], “naturalness” and
“contagion” phenomena [38]. Ultimately, public acceptance and support for water-reuse schemes is
greatly a matter of the “interplay between trust, risk perception and emotional reaction” [38]. The more
the citizens are informed and the more that they trust the authorities the lower risk they perceive,
and are thus more likely to support the schemes [39].

Building public support requires the construction of holistic narratives that appeal to the
affective reactions as well as to the cognitive ones, changing the citizen’s perception of wastewater
as “dirty waste” to “resource” [38]. It is therefore a task that requires multi-level collaboration,
i.e., interdepartmental efforts, stakeholder engagement and citizen participation. It might be crucial
to clearly distinguish between reuse for potable and non-potable purposes. Winning trust and
earning support for water-reuse for potable purposes involves overcoming many hurdles. However,
the potential to reduce domestic and industrial water consumption is greater when contemplating
a situation that does not require drinking water quality standards, as is the case in Sabadell. Hence,
the implementation of non-potable water reuse is often the first choice; for example, in Europe 97.7%
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of water reuse is for non-potable purposes. In Sabadell the public attitude towards non-potable
water-reuse was found to be quite positive. This confirms earlier research in Sabadell [40,41]. Due to
previous experience regarding water stress, water conservation and the use of alternative sources for
purposes such as flushing the toilet, washing the car or watering the garden, are already widely applied.
It might explain the general positive public attitude towards water-reuse schemes at a municipal level.
Hence, centralized water-reuse schemes may be more accepted by citizens if it is combined with
household systems of rainwater harvesting, water conservation and grey water recycling.

5.3. Pricing Water

Despite a modest awareness of water safety and a general acceptance of water reuse practices,
Sabadell’s citizens and stakeholders were not willing to pay more in order to extend the duel
distribution network in the city. Pricing water services is always a trade-off between the basic human
right to affordable water and cost recovery. In fact, definitions of cost recovery can be misleading
as cost can be deferred to the future or transferred to the environment, leading to environmental
degradation. Hence, the question whether the price includes all operations, maintenance, and capital
costs that can ensure freshwater availability in the long-term is decisive for the continuity of water
services, in particular in water-stressed regions. Examples of external factors that can be excluded
are water scarcity, social and financial issues, and environmental burdens such as wastewater or
wastewater effluent disposal into the environment [15]. At the same time, affordability for everyone
has to be ensured [13] which emphasize the need for steering mechanisms. Reclaimed water is often
priced just below the drinking water price in order to make it more attractive to consumers but this
also poses issues concerning the recovery of costs [38—41]. The expansion of Sabadell’s water-reuse
practices is hindered because the costs would result in a higher price of reclaimed water that could
not compete with drinking water. Moreover, treated wastewater is still perceived as inferior by the
consumer and thus few citizens are willing to pay the same or a higher price for it compared to water
from primary sources. Major policy instruments such as a progressive tax on water consumption
or the inclusion of the costs of reclaiming water in the consumer price for drinking water are used
effectively in Sabadell to incentivize low water consumption and ensure affordability. At the same time,
the existing water infrastructure requires substantial investments that may have consequences on the
water price. Given the economic situation, it is a challenge to refurbish the existing water infrastructure,
enhance water-reuse practices and maintain affordability of water services for everyone. In order to
take up this challenge, co-financing from different stakeholders including citizens, local businesses,
as well as funding from regional, national or European authorities might be required to combat water
stress and continue water services in the long run.

5.4. Research Limitations and Key Priorities

The governance capacity analysis applied in Sabadell reveals a number of highly interconnected
and interrelated governance processes. As a consequence, some of the framework’s indicators
interrelate as well. Some hypothetical “ideal” situations will not result only in very encouraging
(++) indicator scores. For example, the role of entrepreneurial, collaborative, and visionary agents
of change (indicators 6.1, 6.2 and 6.3) are context-dependent. Visionary agents may be more useful
in times of crisis, whereas collaborative agents are more valuable in initiating new collaborations,
and entrepreneurial agents operate best in flexible and open governance networks [21,22,24,27].
Hence, situations may occur in which entrepreneurial and collaborative agents of change are very
encouraging (++) while, as a consequence, visionary agents are less prominently active and score lower.
Another important interrelation is between indicators 5.1 ambitious and realistic goals and 9.2 statutory
compliance, because it is easier to comply with goals that are not ambitious [24]. The governance
capacity analysis applies a triangular approach of knowledge co-production consisting of three steps:
(1) a desk study; (2) interviews and (3) feedback from interviewees. The detailed reporting and
transparent research steps ensure reproducibility. However, because the number of interviewees is
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moderate and interviewees with different backgrounds sometimes contradict each other, the scoring
justification for indicators 1.1 community knowledge, 1.2 local sense of urgency and 1.3 behavioural
internalization, were limited due to the lack of available open source reports, documents and scientific
literature. For these three indicators, a survey would provide more substantiated and accurate scores.

6. Conclusions

In line with the United Nations, we conclude that wastewater can be considered as a reliable
and largely untapped resource that has much potential to alleviate water stress. In order to enable
the wider application of wastewater-reuse practices, major changes are required in the way the water
cycle is governed at the local, regional, national and international level. Spain is in the middle
of a process of transformation wherein different multi-level governance barriers and challenges
emerge. Through a case study in the city of Sabadell (Spain), this paper has aimed to identify the
principal barriers, opportunities and transferable lessons that can enhance governance capacity in
order to implement systems for the non-potable reuse of treated wastewater in cities. Overall, it was
found that citizens in Sabadell do not fully understand the possible risks and impacts of water
stress, but have a positive attitude towards the reuse of treated wastewater for non-potable purposes.
In order to overcome the different operational barriers identified in the implementation of water-reuse
practices, a coherent legislative framework is required that applies quality criteria per use category
independently of the water’s origin. Such a framework should be developed and implemented based
on the local experiences of municipalities, such as Sabadell, through a regular evaluation process that
transcends political cycles and overcomes the current fragmentation of interests, responsibilities and
tasks between stakeholders. This requires the further development of governance capacity across
multi-level governance layers. The results from Sabadell indicate that in particular with respect to
knowledge provision, policy evaluation and learning, the development of a more coherent policy
strategy for the wider application of water-reuse practices is required. These barriers and opportunities
may provide learning lessons for other municipalities in Spain and throughout the Mediterranean and
other water-scarce regions in the world.
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Abstract: Wastewater management in Latin America faces great challenges to reach a sustainable
state. Although enough infrastructure has been built to treat around 40% of wastewater, only
between 15-20% is effectively treated, and abandoned or defective infrastructure is a common
sight. Data about current conditions at specific sites is quite fragmented, when existing. This leads
to challenges in management, decision making and planning for sustainable options. We argue
that a main obstacle is the lack of a regionally relevant sustainability assessment framework that
allows for a holistic understanding of wastewater management as a nexus problem. We therefore
developed a comprehensive framework to (1) understand current conditions (2) involve stakeholders
and (3) point to pathways to improve wastewater management in the Americas. Building on
literature review and stakeholder involvement, we constructed a multi-scalar extended dataset
framework that is adaptable to different study sites using specific criteria. Sustainability was assessed
through a “distance-to-target” approach. Social and economic variables were the lowest ranking
in both cases, with technical variables generally performing better. Although some dimensions of
sustainability are performing acceptably, others, such as social and economic, are general low to very
low performing. This means, when looked at in an integrated manner, neither of the wastewater
management systems analysed can be considered sustainable. Here we present the approach itself,
the results of its application in two pilot sites in Latin America, and our recommendation to shift
waste water management into sustainability.

Keywords: assessment framework; sustainability assessment; baseline assessment; co-design;
stakeholder involvement; wastewater management

1. Introduction

Wastewater and Its Management in Latin America

Wastewater management systems (WWMS) serve multiple functions within their cities.
They channel and treat the wastewater produced by their customers, reduce the pollution load
to the environment and the catchment they are embedded in and thus safeguard it and its inhabitants
from detrimental health effects. Usually citizens only notice them when they do not provide those
services. Wastewater treatment systems can, in addition, provide resources, such as bioenergy from
biogas produced during the decomposition of organic matter, irrigation water or stabilized sludge
to be used as fertilizer. Understanding the risks and benefits that a wastewater treatment system can
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offer to its community is not limited to the technical understanding of its components. It demands
understanding the multiple dimensions of sustainability, understood as ‘the maintenance of economic
well-being, protection of the environment and prudent use of natural resources, and equitable social
progress which recognizes the just needs of all individuals, communities, and the environment’ [1].

In Latin America, 80% of the population lives in urban areas, with small cities (up to half a million
inhabitants) growing the most rapidly [2]. Exact data on sanitation and treatment coverage are not
readily available [3], but it is known that wastewater treatment is in general poor, with infrastructure
to treat around 40% of municipal wastewater having been built, but less than 20% of that wastewater
effectively being treated [4,5]. Commonly built solutions have been centralised wastewater treatment
plants (WWTP), which may satisfy the demand of highly populated areas, but do not necessarily
comply with the new expectations about water recycling and reuse, and of nutrient recovery [6],
as requested by Sustainable Development Goal (SDG) 6.3 or the New Urban Agenda adopted at the
latest Habitat III Conference [7].

Tackling the deficit of safely treated wastewater is an urgent matter: Clean water and access to
safe sanitation for all is one of the targets decided by the global community within the Sustainable
Development Goals (SDG 6.2) [8]. In Latin America large cities concentrate the largest shares of
population, but when it comes to issues in the water management services, rural areas and small- and
medium-sized cities are the most affected zones, especially regarding sanitation and wastewater
treatment [4]. Small- and medium-sized cities are defined according to population, varying in
proportion to each country’s size, with a maximum of 1 million inhabitants for Latin American cities [3].
These types of cities show high urbanization rates, being the fastest growing urban areas [9]. This
means that the established urban management systems have to consider the growth projections and
adapt to keep up with the growing water demand and wastewater generation. Therefore, sustainable
options for wastewater management for small- to medium-sized cities are urgently needed.

The SludgeTec project, a multinational partnership (the United Nations University’s Institute
for Integrated Management of Material Fluxes and of Resources—UNU FLORES, the Universidad
de San Carlos de Guatemala—USAC, the Mexican Trust Fideicomiso de Infraestructura Ambiental
de los Valles de Hidalgo in Tepeji, Mexico—FIAVHI, and the Technische Universitdt Dresden-TUD,
aimed for international experts and local stakeholders to co-design a sustainable wastewater treatment
and management options for two pilot areas in the Americas: Los Cebollales WWTP in Panajachel,
Lake Atitlan, Guatemala and Tlaxinacalapan WWTP in Tepeji, State of Hidalgo, Mexico. Research was
carried out between November 2017 and February 2019 by a multi-disciplinary and international team
of researchers and practitioners.

To achieve the project’s objective (co-designing sustainable options), it was first necessary to
accurately assess current sustainability, that is, to describe baseline conditions. Establishing baselines
is crucial for scientifically sound sustainability interventions [10], and is a key practice in many
environmental fields, as it allows to evaluate the change in time of given parameters and therefore to
track project success, for example. Without a baseline, it is impossible to carry out “before and after”
comparisons [11]. Furthermore, a baseline assessment can be very useful in informing and engaging
stakeholders [9], and a powerful way to gather and centralize otherwise dispersed data, assess data
availability for a given topic, and eventually, socialize knowledge. This is particularly relevant in a
region where data scarcity is known to be an issue.

The importance of baseline setting being clear, we were confronted with the non-existence of
a comprehensive guideline to describe baseline and assess the sustainability of WWMS. Guidelines
exist on the broad and very general steps to be followed in establishing a baseline [12], and on the
data items to be considered in the assessment of specific components of a WWMS, such as finance,
technical issues, etc. [13,14]. There has also been some research to systematise the indicators and data
items needed for technology options evaluation [15-17]. However, the guidelines analysed during
our literature review focus mostly on single dimensions of sustainability (environmental, technical,
social), and do not take into consideration broader scales of analysis beyond the WWTP itself (to
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include for example the impacts of the WWTP’s function on the watershed or the subcatchment).
We posit that a sustainability assessment must be multi-scalar (considering several territorial scales or
spatial boundaries in one same study) and multi-dimensional (considering the different dimensions
of sustainability).

We therefore developed a method to describe baseline conditions of WWMS and determine the
degree of sustainability by (1) constructing a comprehensive and adaptable dataset framework and (2)
applying a “distance-to-target” approach (further described in the methods section).

The method is underpinned by an emphasis on participation and transdisciplinarity. Scientists in
the field of Integrated Water Resources Management highlight that participation can have positive
effects on finding integrated solutions, e.g., by gathering and exchanging knowledge between vital
stakeholders [18,19]. In terms of specific WASH-related problems, participation can help identify
acceptable solutions on the ground. Based on this knowledge, practitioners and especially international
donor organisations, apply participatory approaches in various contexts [20,21].

A research approach in which scientific and non-scientific actors collaborate in a participatory
manner with the aim of creating scientific knowledge meant to address practical problems is here
understood as transdisciplinary research (e.g., Reference [22]). ‘Transdisciplinary” generally refers
to an intensive inclusion of practitioners in the research process. To conceptualize transdisciplinary
research, research provides a set of design criteria that are likely to have an impact on addressing
complex problems in practice. These design criteria refer to (i) the type of actors involved, (ii) the
stage of the research process where these stakeholders are involved, (iii) the degree of their involved,
and (iv) the respective methodology [23]. Hence, various actors have been involved at different
stages of the research process, from the design of research projects, via the implementation of the
research projects, up to the evaluation of research results. In doing so, research questions, methods,
and results are possibly better adapted to local needs, accepted, and thus also implemented [22,24].
Transferred to the field of wastewater management, the involvement of different scientific disciplines
and practitioners from different realms may enable an ecologically, economically, environmentally and
socially sustainable treatment of wastewater.

Participation is however no panacea for successful solutions. To achieve the potential benefits of
participation, the thoughtful design of participatory processes is essential, including the right mix of
actors (e.g., households, farmers, public authorities), degrees of participation (e.g., information sharing
or co-decision-making), at the right scale (e.g., local or basin scale) [22,25].

In brief, in order to codesign sustainable options for the WWMS at the pilot sites, we built a method
to first assess baseline sustainability, considering different territorial scales and the environmental,
technical, economic and social dimensions. To broaden the possibility of accurate understanding of the
issue and successful outcomes of the project, we worked in a transdisciplinary manner, i.e., in a diverse
scientific team which closely worked with stakeholders and local partners, in every stage of research.

2. Materials and Methods

The method consists of four ‘building blocks”: (1) A thorough understanding of baseline
conditions, which are then assessed under three different but converging perspectives: (2) Sustainability
Assessment (SA), (3) Stakeholder Analysis and (4) Wickedness Analysis (WA). Blocks 1 and 2 are
consecutive, i.e., number one is needed to perform number two. Blocks 3 and 4 are carried out
separately. The assessment is made more thorough and comprehensive by bringing in the specific
knowledge of each building block. This facilitates the understanding of bottlenecks and pathways
towards sustainability, and as a final outcome, makes it possible to envision and evaluate solution
options (Figure 1).
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Figure 1. The general method used in this research project. Highlighted blocks are the four
building blocks in our method. This paper deals in detail with two blocks: Baseline Description
and Sustainability Assessment.

This paper describes the first two building blocks in detail, while the remaining two are the object
of future publications.

2.1. Pilot Sites

Pilot sites (Figure 2) were chosen by local project partners based on their knowledge of the reality
on the ground.

2.1.1. Panajachel Site description

At Panajachel, Guatemala, the pilot site is the Cebollales WWTP, an extended aeration, activated
sludge plant built in 2013. The plant is operated by the municipality, with its financing sources being
100% public. The design flow is 37 liters per second (Ips), and the current average flow is ~25 Ips.
It discharges into the San Francisco River, which, 200 m further downstream, feeds the Atitlan Lake.
In the lake’s endorheic basin, 55% of households are connected to a sewage system, while the remaining
45% use latrines, septic tanks, or soak latrines. 45,500 m? of wastewater is generated every day in
the basin, and only approximately 20% receives treatment. Moreover, in the existing WWTPs, poor
removal of pathogens and nutrients is a crucial challenge. These WWTPs face, among others, operation
and maintenance problems.
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2.1.2. Tepeji Site Description

At Tepeji, Mexico, the pilot site is the Tlaxinacalapan WWTP (built in 2017, started operations in
January 2018). The WWTP has two treatment steps: a train of plastic anaerobic digestors built on site,
followed by constructed wetlands. The design flow is 1.5 Ips, and the current average flow is ~0.4 Ips.
It discharges into a tank from where water is taken to irrigate a football field and agricultural plots.

Panajachel.
Guatemnala

Figure 2. Location of the pilot sites.

2.2. Dataset Framework

2.2.1. Preliminary Step. System Model: Boundaries and Scales of Analysis

Wastewater management is a wicked problem: a complex network of components, often
interlinked in non-linear relationship and expanding across different territories. In addressing
sustainability problems, systems approaches have been widely recognized to enable researchers
to describe and understand reality more accurately, shedding light on a phenomenon’s structure and
function [26-28], helping reveal otherwise “hidden” flows [29] and promoting the integrative thinking
and interdisciplinary knowledge synthesis needed for sustainability [27,30]. System models are a key
tool of systems approaches [27] and are widely used in cybernetics, physics, ecology and other fields
where it is necessary to visually represent the complexity of real life networks and processes, in order
to grasp the performance and behaviour patterns of systems. Our approach builds on systems thinking
by using a system model as a fundamental research tool.

In building a system model, it is important to remember that, although WWMS are bound
to human settlements, the sourcing of their inputs and the effluent and other outputs may have
consequences well beyond their immediate geographical setting. Therefore, defining relevant scales of
analysis and tracing analytical boundaries of the system is crucial. The choice of scales can determine
the accuracy of diagnosis, and the effectiveness of projects [10,31]. Spatial resolution determines the
visibility of objects and relations. If a model’s boundaries are too small, important factors influencing
the model may be missed, whereas if they are too large, detail on specific processes may be lost.
Avellan et al. [32] postulate that ‘the boundaries of the [Water-Soil-Waste Nexus] systems need to be
(a) wide enough (to avoid microanalyses of plot levels as in some cases of INRM [Integrated Natural
Resource Management]), (b) clear (to avoid confusion as in the WEF [Water-Energy-Food] Nexus),
and (c) flexible enough to accommodate varying needs (to avoid geographic constrictions as is the
case of the basin discussions in INRM [Integrated Water Resources Management])’. By mixing in and
contrasting different perspectives, a multi-scalar approach provides for more comprehensive analyses,
which can lead to reduce biases caused by the use of a single “viewing-point” [10,33].

Different types of boundaries were identified: administrative (municipality, department, state,
etc.), biophysical (catchments, geological, soil, etc.), and technical (treatment system, canal network,
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etc.). The relevance of each of these different spatial definitions was evaluated (Figure 3a), and four
working scales were decided upon: 01 WWTP, 02 Municipality, 03 Subcatchment, 04 Watershed
(Figure 3b). We argue that these scales together exhibit the needed specificity of the actual problem of
wastewater treatment on the one hand but also enough scope to determine the impact that the system
has on its surroundings.

A system model for the WWMS was drafted for each study site, using these chosen boundaries.
System components (stocks) are represented in boxes and relations between them (flows) with lines
(Figure 3c). The first versions of the system model were refined with participation from stakeholders
during an assessment workshop held in Panajachel, Guatemala, in March 2018 [34]. Figure 3¢ shows
the final version of the system model for the Panajachel site, resulting from the participative work at
the workshop.

Watershed

Sub catchment

=

hamnils

3

(b) (©

Figure 3. (a) A first boundary explorations map for the Panajachel case, showing different scales of
analysis that were initially found to be of interest: the plant scale (red dot), the subcatchment (light
green), the municipality (yellow), the watershed (blue) and the province (orange). The large water body
in the center is the Atitlan Lake. (b) The abstraction of “real-world” boundaries into boundaries for the
modeling process. (c) The system model for the Panajachel case, showing the systems components in
the scale they (mostly) operate in.

2.2.2. Constructing the Dataset Framework

2.2.2.1. Extended Dataset Framework

We created the framework for a dataset that allows for a deep and holistic understanding
of baseline conditions and sustainability performance, across scales and across the
dimensions—environmental, and social, technical, economic—of the nexus problem of wastewater
management, specifically in Latin America. To do so, we iterated between a top-down method
(literature reviews) and a bottom-up method (working directly on the pilot sites, e.g., analysing the
system model, asking stakeholders what sort of data is relevant to them) (Table 1). The result is an
extended dataset framework (EF), which is described in more detail in the results section.
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Table 1. Steps followed in the construction of the extended dataset framework.

Bottom Up Top Down

1 System model analysis Research literature review
Stakeholder input (assessment workshop) on locally
relevant data items and indicators
3 - Technical guidelines review

Policies and regulations review

2.2.2.2. Site-Specific Dataset Framework

The EF was edited into a smaller, site-specific dataset framework for each site. This was necessary
in order to respond to local data needs as expressed by stakeholders, as not all data items on the set
were relevant for the specific sites. Additionally, to respond to the research priorities as established by
the research team after assessing data availability and incorporating stakeholder input.

To edit the EF (with 492 variables) into the site-specific dataset frameworks (with 195 and 218
variables), we classified and prioritised each item on the EF according to the criteria in Table 2. Note
that these criteria were chosen for these two project-specific pilot sites, but they could easily be
applicable generically for other WWMS.

Table 2. Criteria used to prioritize the data items in the extended dataset framework and to create a
site-specific dataset framework.

Criteria Priority
la Stakeholders chose the item during Assessment Workshop

PLUS (+) P1
1b Literature on wastewater management mentions it
2 Locally applicable regulation calls for the parameter P2
3 Thresholds to compare current value against are available P3

Priority 1 (P1) was given to an item if two conditions are met: (a) that stakeholders had chosen it
during the Assessment Workshop held in March 2018 in Panajachel, and (b) that the item had been
found in wastewater management guidelines or other relevant literature during our literature review.
Priority 2 (P2) was given when the data item is included in relevant local regulation, e.g., monitoring
standards. Priority 3 (P3) was given when a threshold to compare current values to could be identified.
Thresholds were found looking in:

Local legislation (region, state, basin).
National legislation.
Legislation valid for the other case study of this project (in this case Mexico or Guatemala).

a0 ge

International organisations (not legally binding but accepted as guidelines or recommendations).

In some cases, a data item is a “yes or no” question, and a threshold can be established with
relative ease; for example, the existence of an operation manual for the plant, for which the threshold
is “yes”, since that would be the desirable situation.

After the data gathering phase (see Section 2.4), these dataset frameworks were “filled in” with
data, allowing to understand baseline conditions and perform a sustainability assessment.

2.3. Data Gathering

2.3.1. Identifying Data Holders

Possible data sources were identified through (1) an Assessment Workshop and (2) deskwork.
The Assessment Workshop took place in March 2018 in Panajachel, Guatemala. Stakeholders from
the Mexican cases were also present. More than 80 local stakeholders were invited, of which a
total of 39 participated. The represented stakeholder groups were coming from Academia (43%),
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Federal officials (21%), Non-Governmental Oirganisations (NGOs) (20%), Municipal officials (8%),
and Private enterprise (8%). Through the participatory activities crucial input needed to refine
both the technical and the social assessment components of the project framework was obtained.
A thorough comprehension of the current problem structure, made possible by including the views of
key stakeholders in a very interactive and participatory manner [34]. Participants drafted lists with
institutions and experts who they thought could have the information needed (or access to it) for each
data item. The data holder lists made by the participants were screened, refined and complemented
through desk work. The final list of data holders consulted or interviewed can be seen in Appendix C.

2.3.2. Data Collection

Part of the data needed was collected on the field. Fieldwork was carried out for two weeks
at each site in August 2018, and included meetings with experts, practitioners and local authorities
identified as data holders, as well as sampling and laboratory analysis. During the meetings, the
interviewer (L. Benavides) went through the dataset with the stakeholder, who provided the answers
he or she had available. Data holders were always asked to provide supporting documentation, but
this was rarely available. In some cases, stakeholders did not have information at hand, but committed
to sending it via email after the meeting.

For water quality parameters, sampling and laboratory analysis were carried out (Appendix D).
Sampling and analysis were done in accordance to the norms in each country, in collaboration with
certified local laboratories. In both cases, a composite sample of both the plant’s inflow and outflow
was taken during a 24-h period. At the Panajachel site, sludge was also sampled. The sludge available
had been stabilized on a covered drying yard for 28 days and was then piled up outdoors (i.e., under
sun and rain) for at least two months prior to our visit. In Tepeji it was not possible to sample sludge,
as according to the managers, the plant had not produced any in the 8 months of operation.

Further data was obtained from the revision of literature and documents produced by local and
national authorities, which were made available to the research team during field work.

2.4. Sustainability Assessment

Sustainability Assessment (SA) processes aim at guiding decision-making towards
sustainability [35] using different evaluative techniques [36] and definitions. ‘Sustainability
Assessment’ can be considered a broad name tag for a series of methods and approaches: e.g.,
Sustainability Appraisal, Integrated Assessment, Integrated Sustainability Assessment, Sustainability
Impact Assessment, Triple Bottom-Line Assessment, 3-E Integrated Assessment and Extended
Integrated Assessment [35-37]. Methodologies found for SA include multicriteria approaches,
systems analysis, life cycle analysis, economic analysis (cost-benefit analysis, life-cycle costing, etc.),
weighting methods (exergy analysis, entropic weighing method), distance-to-target approaches, among
others [15,38].

To determine the level of sustainability, we used a “distance-to-target” approach, comparing the
current value of a variable with the threshold previously identified (see Section 2.2.2.2). The availability
of a threshold finally defines whether a data item could be used in the sustainability assessment or
not. Even though data for an item is available, if there is no appropriate threshold to compare it
with, it is impossible to profit from this already existing data. Appendix E lists the variables for
which thresholds could be identified and the thresholds values used to evaluate each variable of the
site-specific dataset framework.

The “distance-to-target” was evaluated by adopting the “traffic light” method [39], where a
variable is coded with green if it meets the threshold (good performance), with yellow when its
performance does not meet ideal standards but is not far away from doing so, and red when it is
performing sub-optimally. Table 3 discloses the quantitative criteria for each colour. Each variable was
evaluated following these criteria. The result is a colour-coding of the data set (Appendix F).
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Table 3. Colour ranking in Sustainability Assessment.

Ranki
Data Type Criteria anane
Red Yellow Green
Real number 10% tolerance MV >TH x 1.1 TH<MV <TH x 1.1 MV < TH
Range divided into 3 MV < 33% or o 67% < MV or
< o
Percentage equal parts (33% each) 67% < MV 33% < MV < 67% MV < 33%
Absolute values (¢ No yellow range, YES/NO YES/NO
es/10 uestions')g'/ unless mentioned Present/Absent - Present/ Absent
b ! otherwise Outside pH range Within pH range
Social variables Scale 1to 4 1<MV<2 2<MV<3 3<MV<4

(dataset IIb)

MV: measured value; TH: threshold (numeric thresholds where normally defining a maximum, not a minimum).

Once the colour ranking was calculated for each variable, a colour ranking was also calculated for
each of the three dimensions into which the variables are grouped in the sets: technical-environmental,
economic, and social. To do this, we also followed the method described in Bertanza et al. (2016) [39],
where a numeric value is assigned to each colour:

1. Green=1

2. Yellow=0

3. Red=-1

4. The colour-values are added, and a simple average in each category is calculated.

5. The results are later presented again using the “traffic light” colour-coding for the performance
of each dimension of sustainability, as follows: (see results section)

a. Green: >0.33

b. Yellow: between —0.33 and 0.33

c. Red: <-0.33.

Although as stated in the introduction we believe a multi-scalar approach is necessary for a
wide-enough perspective and an accurate understanding of a WWMS, due to the limited time scope of
the SludgeTec project and the prolonged waiting periods to obtain data from data holders, it was only
possible to perform a sustainability assessment on the first scale (WWTP, grey shaded areas on, and to
include a multi-scalar social assessment of participation and social acceptance in the region where the
WWTP operates (dataset IIb on Tables 4 and 5).

3. Results
3.1. Dataset Framework

3.1.1. Extended Dataset Framework

The iterative collection process of data items to describe the multi-scalar WWMS resulted in a large
dataset framework with 492 data items (for an overview see Table 4, for the full content see SM 1). This
comprehensive or “extended” dataset framework contains data items useful for the transdisciplinary
study of WWMS (environmental and technical, economic, and social factors). It is organised into three
datasets, namely: Dataset 0 which describes generic context data, Dataset I containing technical and
environmental data, and Dataset II, containing socio-economic data. All datasets contain information
across the four different spatial scales identified in Section 2.3.1. (WWTP, municipality, subcatchment,
watershed) (see Table 4).
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Table 4. Extended dataset framework, overview of subsets and number of data items in each.

L. Number of
Subset Description Scales Data Items
Dataset 0 Understanding of context: geographical datai 8; MWVYTP 1 178
Context location and characteristics, poverty and 50 data items P
indicators employment indicators, etc for 4 scales o Subcatchment o
in y CLC. 04 Watershed 12
Dataset I Technical and environmental variables 01 WWTP 211
i ahiie ) (e.g., population served, chemical 380 data items 02 Municipal 31
E echnical- . parameters of water bodies and of across 4 scales 03 Subcatchment 70
nvironmenta effluents, WWTP management) 04 Watershed 68
I 01 WWTP 16
52 dataalrtems 0z Municipal v
b " Economic, financial, budget variables. for 4 scales 82 Sﬁc:tck‘\ﬁn Znt 172
Soci a;aset cal Dataset IIb useful to understand the e
oclo-Economica social acceptance of the system 1Ib. Social space
10 data items, “ ,p‘ 10
across scales (cross-scale)
Total data items 492

3.1.2. Site-Specific Dataset Framework

The EF proved too extensive to be used for the assessment of the sites, as time was a limiting
factor, and also because not all variables on the set were necessarily a priority or the data for needed for
all was not available at the different sites. Therefore, from the 492 data items in the EF, a site-specific
dataset framework was created for the Panajachel pilot site with 218 data items, and for the Tepeji pilot
site with 195 data items (Table 5). The full site-specific dataset frameworks can be found in Appendix A
for Panajachel and in Appendix B for Tepeji.

Table 5. Site-specific dataset frameworks for both pilot sites, after prioritizing the EF.

Tepeji Dataset Framework Panajachel Dataset Framework
Dataset Scale Number of Items Dataset Scale Number of Items

01 3 01 1

Dataset 0 gg Z Dataset 0 8; 8

Context 04 5 Context 04 0

Total 15 Total 1

01 107 01 98

Dataset | 02 15 Dataset I 02 15
Technical 03 15 Technical 03 55
Environmental 04 18 Environmental 04 18
Total 155 Total 186

01 7 01 8

Dataset Ila 02 > Dataset Ila 02 8

. . 03 0 X . 03 0

Social-Economic 04 3 Social-Economic 04 5
Total 15 Total 20

Data IIb Data ITb

Multi-scalar Social 1izL 10 Multi-scalar Social e A
Total items in framework 195 Total items in framework 218

Grey shaded areas indicate the data that used in sustainability assessment

3.2. Data Gathering

Figure 4a,b show the distribution of sources from which the data came from.
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Data sources per type - Panajachel - all data items .
Data sources types - Tepeji - all data items

u Literature
m Field interview
® Field literature
= Field interview mEiakd sy
A%
Field survay
W Own Calculation

m Qum Calculstion

@ (b)
Figure 4. Data sources per type. (a) Panajachel pilot site; (b) Tepeji pilot site.

About 77% of all data items in Scale 01 could be gathered for the Panajachel site, and ~76% for
Tepeji (Tables 6 and 7). However, out of the data that was gathered, only a fraction was of use, as can be
seen in the last column of Tables 6 and 7. The reasons why some of the data had to be discarded were:

1.  Data quality. Stakeholders sometimes provided no supporting facts or documentation for the
data they provided, or there was a considerable difference between data found for the same item
from various sources, with no straight-forward way to choose amongst them.

2. No existing threshold. The data could be obtained but no threshold was found, and therefore the
data was not used further.

Table 6. Data gathered for all scales, data gathered specifically for Scale 01 and data finally computed
into the sustainability assessment: Panajachel pilot site.

All Scales: Data Found Scale 01: Data Found Scale 01: Data Found and Useful
Total Items o Total Items o Number of Items o
Items Found % Found Items Found K Found and Useful o
Dataset 0 1 1 100.00 1 1 100 -* -*
Dataset I 186 88 47.31 98 73 74.49 52 71.23
Dataset I 31 23 74.19 18 16 88.89 10 62.50
Total 218 112 51.38 117 90 76.92 62 68.89

* NOTE: Dataset 0 contains context data and was not used directly in the sustainability assessment.

Table 7. Data gathered for all scales, data gathered specifically for Scale 01 and data finally computed
into the sustainability assessment: Tepeji pilot site.

All Scales: Data Found Scale 01: Data Found Scale 01: Data Found and Useful
Total Items o Total Items o Number of Items o
Items Found % Found Items Found K Found and Useful K
Dataset 0 15 10 66.67 3 3 100.00 - -
Dataset I 155 93 60.00 107 81 75.70 48 59.26
Dataset II 25 18 72.00 17 12 70.59 7 58.33
Total 195 121 62.05 127 96 75.59 55 57.29

* NOTE: Dataset 0 contains context data and was not used directly in the sustainability assessment.

This filtering process removed ~32% of the data for Panajachel and ~43% of the data gathered
for Tepeji. With the remaining variables (62 variables for Panajachel, 55 variables for Tepeji) the
sustainability assessment was performed.
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3.3. Sustainability Assessment

3.3.1. Panajachel

Sustainability at the Cebollales WWTP in Panajachel was assessed with 62 variables: 52 in the
technical-environmental dimension, three in the economic and seven in the social. All dimensions
show a medium performance (yellow) except for the economic dimension, where the assessment is
“poor” (coded with red). Just about half of the variables are performing relatively well (23 variables
coded with green) and about half are coded in red (27), with two variables coded in yellow. Therefore,
overall sustainability performance can be classified as medium to low (See Table 8. To see performance
per variable, see Appendix F).

Table 8. Sustainability performance per dimension: Panajachel site.

Variables Per Category % Variables Per Category Dimension Average
Dimension R* Y G Total R Y G Total Value Colour
Technical- o o o o -~
Environmental (TE) 27 2 23 52 52% 4% 44% 100% 0.08 Y
Economic (Ec) 3 0 0 3 100% 0% 0% 100% —1.00 R
Social (S) 2 1 4 7 29% 14% 57% 100% 0.29 Y
Total or Average 32 3 27 62 60% 6% 34% 100% —0.26 Y
+

R =Red. Y = Yellow. G = Green. ND = No Data.

In the technical environmental dimension variables that performed well included heavy metal
concentrations in the plant’s water outflow and sludge which were all found to comply with norms
at the moment of sampling (except for Arsenic in the sludge). Additionally, the Sampling frequency
is complied with. The plant is sampled with regularity. However, the results do not make it to
on-the-ground stakeholders (plant operator, for example).

In contrast, variables performing sub-optimally include nutrients and organics: variables such
as Total Nitrogen (TN), Total Phosphorus (TP), Biological Oxygen Demand (BOD), Chemical Oxygen
Demand (COD), and Total Coliforms. The plant is not able to meet treated water outflow standards.
This situation is likely partially driven by the fact that the inflow to the plant (municipal sewage) is
already non-compliant as per regulations on discharges into the public sewage system. In addition,
strong odours were detected while visiting and were also reported by local stakeholders. Lastly,
maintenance is very irregular to non-existing; salaries are irregularly paid; no operation manual exists
on site, the operators lack training and equipment. The risks that the WWTP and the treated water
discharge into the nearby San Francisco river poses to health or to environment are unknown, as no
risk assessment has been carried out, either for health or for ecosystems.

In the economic dimension there is no compliance. For example, the per capita cost of treatment
is higher than the WHO illustrative value for activated sludge plants (upper limit set by WHO is 8
USD per capita per year. Using data provided by the municipality, we calculated 9.7 USD). The budget
deficit is constant, i.e., the operating entity practically never has access to enough resources to cover
operating costs or deliver worker’s salaries on time. There is also no valorisation of by products
(biogas, sludge), nor has a plan for this purpose been outlined by managers.

In the social dimension stakeholders are generally aware and interested in wastewater-related
issues and see opportunities for their suggestions to be heard. They however do no not perceive the
solution(s) currently in place as acceptable, nor do they perceive that others accept them.

3.3.2. Tepeji

Sustainability at the Tlaxinacalpan WWTP in Tepeji was assessed with 55 variables: 48 in the
technical-environmental dimension and 7 in the social dimension. No economic data was available
from the WWTP managers at the time of data gathering, and therefore this dimension could not be
evaluated. In the two dimensions evaluated, it shows a moderate to good performance (Table 9).
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Table 9. Sustainability performance per dimension: Tepeji site.

Variables Per Category % Variables Per Category Dimension Average
Dimension R* Y G Total R Y G Total Value Colour
Technical-
Environmental 15 0 33 48 31% 0% 69% 100% 0.38 G
(TE)
Economic (Ec) 0 0 0 0 ND ND ND 0% ND ND
Social (S) 2 2 3 7 29% 29% 43% 100% 0.14 Y
Total or Average 17 2 36 55 ND ND ND ND ND ND

*R=Red. Y = Yellow. G = Green. ND = No Data.

The technical-environmental dimension performance’ falls just above the border between medium
and good performance, with 33 out of 48 being coded with green. Variables that perform well
include compliance with heavy metal concentrations in the outflow (as established in local regulations,
i.e.,, Norma Official Mexicana (NOM) 001), except for Cadmium (0.02 mg/L, which is double the
allowed value). Additionally, all physical parameters are complied with (Total Suspended Solids (TSS),
conductivity, colour, floating matter, grease and oils).

Variables that perform sub-optimally include nutrients and organics: TN, Faecal coliforms, pH,
are not performing satisfactorily, neither when compared with the local norm (NOM 001) or with WHO
standards for the use of treated wastewater use in agriculture. Odours were detected while visiting and
were also reported by local stakeholders. No operation manual is available to key stakeholders such as
the operator himself. No regular sampling seems to be occurring on the plant’s outflow, as although
some interviewed stakeholders assured sampling has been done, no results were provided to us.
Operators and managers lack adequate training on anaerobic plant operation. Standard design and
operation practices are not being followed (such as an initial inoculation of the system with appropriate
bacteria at the start of operations, assurance condition of air-tight conditions within anaerobic digestion
tanks). Finally, the risks that the WWTP poses to health or to environment have not been studied,
either prior to construction or once in operation, by any of the possibly interested parties.

In the social dimension stakeholders indicated that they are interested in and aware of wastewater
related problems. They however do not feel that there is enough information available or opportunities
to participate in decision making or to give recommendations to decision makers and managers.
The current wastewater management system is generally not accepted or perceived as being accepted
by interviewed stakeholders.

4. Discussion

4.1. Dataset Framework for Describing Wastewater Management Systems

We designed a transdisciplinary approach to assess baseline conditions and sustainability
performance of wastewater management systems in Latin America, building on methods from both the
social and the natural sciences (Figure 1), and with a heavy emphasis on stakeholder involvement and
the understanding of baseline conditions. The approach was designed along with the development of
a research project, in an iterative process between academic knowledge and the real experiences of
what was possible to achieve within the conditions on the field.

We created an Extended dataset framework (EF, see Section 3.1), which we propose to be useful
as a general guidance for data item selection for WWMS. It can be used as a sort of repertoire that can
be “curated” or edited, choosing the items that are relevant to a specific site or research question, and
thus creating a site-specific data framework.

4.1.1. Methodological Issues

The approach calls for not only a transdisciplinary but also a multi-scalar assessment.
We attempted to simultaneously look at local scales within technical and administrative boundaries
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(the WWTP and the municipality), and ecological scales within hydrological boundaries (subcatchment
and watershed). However, gathering, evaluating and processing the data required for a multi-scalar
assessment was impracticable within our time scope. We therefore implemented the approach only on
the scale of the WWTP (Scale 01) and were able to gather enough data to describe baseline conditions
and to assess sustainability across all dimensions of sustainability in Panajachel and two out of three
in Tepeji.

The approach proved to be practicable at one scale, with the strength of being able to incorporate
local needs and conditions through the site-specific editing of the extended dataset framework (Table S1,
see Section 2.2.2.2). The resulting datasets are useful as snapshots of the current status quo, and the
data items can be used as a guideline for future data generation and periodical evaluation.

Building on a systems perspective, this approach calls for the construction of a system model
as a tool: to identify important data items or variables to be investigated, or to localise “invisible”
parts of the system, such as stakeholders, boundaries or legal frameworks. The tool proved useful not
only for our own research process, but was also helpful during stakeholder involvement activities,
where it helped structure the discussion. One example is that when discussing key stakeholders
and responsibilities (“who is involved and who is responsible for what?”), the system model clearly
depicts that, because the WWTP’s outflow eventually reaches the lake at the bottom of the basin, basin
authorities (federal), river authorities (provincial) and tourists visiting the lake are involved, albeit
to different degrees, in the problem. In other words, by explicitly linking upstream sewage system
users to downstream fishermen affected, for example, the visual representations appeal strongly
to very different stakeholders sitting around a discussion table, promoting a holistic and inclusive
understanding of issues.

The same can be said for the boundaries discussion, also guided by the system model. By clearly
illustrating which components fall into which boundary (e.g., the whole of the WWTP falls within
the municipal boundary, but its outflow, ten meters ahead, falls into the river and thus provincial
jurisdiction, while some of its inputs, such as pump parts, come from a different continent)
administrative responsibilities can be made clearer and better understood; conflicting interests or
overlapping mandates are made visually explicit and can therefore be more easily comprehended, and
complexity is more easily grasped.

Finally, the combination of a technical-environmental assessment (Dataset I) with an economic
(Dataset IIa) and a social (Dataset IIb) assessment proved not only enriching but allowed for insight
into the drivers of the technical and environmental results. The technical-environmental variables
provide an answer to the question “How is the system behaving?” while the social and economic data
provide perspective into “Why the system is behaving so?” making the method better poised to identify
bottlenecks and point to solution pathways. We see a challenge but a promising opportunity to
improve sustainability thought and its tools in a more thorough transdisciplinary integration in the
future. Overall, the approach showed potential for investigating the sustainability of WWMS. We
see areas of improvement in, for example, reducing data intensity, systematising thresholds, and
operationalizing the multi-scalar approach.

4.1.2. Data Availability

As shown in Tables 6 and 7, roughly over 50% of the data we originally set out to gather for the
multi-scalar site-specific dataset framework(s) was available with certain ease of access. Once we
decided to focus on a single scale (WWTP), this proportion grew to ~75%, of which around a third had
to be discarded due to quality issues.

Basic information such as monthly or yearly budgets and expenditures records, technical drawings
and plans of the WWTP were for example not available for the Mexican case. In the Guatemalan site,
non-continuous time series for monthly expenditures, inflow and outflow measurements were finally
obtained via email after a waiting period following a stakeholder interview. Although indeed useful,
the time series were neither long, nor gap-free, and data was not easily made available. In general,
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we found that stakeholders who, in theory, should have information (operating facilities, government
bodies, WWTP managers) may be able to provide verbal answers in an interview, because of their
empirical knowledge. The however very often lack supporting documentation, written records and
systematic registries. In other cases, they lack the willingness or permission to share information. This
is true mostly at the municipal and state levels, while federal agencies, particularly in the Mexican case,
usually have well integrated and functional databases. The scale of federal-level data is however often
not fine-grained or detailed enough to study a single treatment plant or even a municipal-level WWMS.

It is clear that large efforts are needed in terms of data generation, systematisation, sharing, and
transparency. Examples would be digitising written records, using same standards throughout the
region, information sharing between institutions, researchers and stakeholders or placing documents
and data on the internet. Good starting points already exist, such as the National System for Water
Information, kept by the National Water Commission in Mexico (CONAGUA), where geo-referenced
information on water quality and quantity, irrigation, and watersheds is disclosed. We suggest that an
immediate area of work should be furthering the capacity of key stakeholders, such as municipal and
state or provincial governments to generate data, and the integration of all data generators into more
detailed and /or numerous data bases, or conversely the creation of citizen-led observatories that foster
awareness raising and demand and contribute to regular environmental and economic monitoring.

A significant issue to meaningfully assess sustainability stems from the still incipient integration
of social indicators into sustainability. In the extended dataset framework 10 indicators (versus 380
for the environmental-technical dimension) across all scales could be identified from the literature
or the stakeholder discussions. They are often linked to information that is not readily available but
has to be generated via questionnaires and on-site interviews, coded analysis and other qualitative
research methods. In order to strengthen future sustainability assessments of WWMS it is imperative
to continue work on the integration of social indicators and methods to streamline the collection and
analysis of these.

4.2. Sustainability of the Pilot Wastewater Management Systems

Our analyses show that the wastewater treatment systems currently in place in Panajachel,
Guatemala, and Tepeji, Mexico, although performing well in various selected parameters, cannot
be considered sustainable when looked at in a multidimensional manner, i.e., in terms of technical,
environmental, economic, and social factors.

4.2.1. Technical-Environmental Issues

Both plants treat a municipal wastewater flow of domestic origin, with low to negligible heavy
metal and metalloids content. In both cases, the quality of the inflowing wastewater is already below
locally applicable standards for discharges into the public sewage network (Total Nitrogen and Total
Coliforms in both cases, and Total Phosphorus, Biological Oxygen Demand, Chemical Oxygen Demand,
and Total Suspended Solids (TSS) in Guatemala as well) meaning the plants are receiving a low-quality
inflow from the start (see results per variable in Appendix F).

Once within the WWTPs, processes show different efficiency levels. Omitting metals, in which
both plants practically fully comply (arguably because of an original low-metal content), the WWTP
in Panajachel does not comply with virtually any of the examined physical, chemical or biological
parameters, while the Tepeji WWTP performs slightly better, complying with half of them. Both
plants, however, are performing poorly in the treatment of faecal coliforms, a crucial variable in terms
of human and ecosystem health. In the particular case of Tepeji, where the water is being used for
irrigation and the de-centralised, small-scale technology is being introduced to the community, a low
quality and potentially risky outflow is not only a health risk, but an important hinderance to the
success of the de-centralised treatment project, which has the aim of fostering wastewater use for
agricultural irrigation. Social acceptance is key to the success of such new technology, and thus trust
among the community has to be gained by the promoting entities.
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Technical efficiency and environmental compliance are a major issue in both plants. Although
visibly more critical in the Mexican case, lack of training of the operating and management personnel
is a shared issue that is contributing to the situation. Systematic data generation and environmental
monitoring, particularly in the Mexican case, are a challenge. Guatemalan managers were keeping a
more detailed track of the WWTP performance. This may have to do with the fact that the WWTP
in Guatemala has been in operation for a longer period (5 years versus 8 months), and also that it is
operated by the municipality (vs a Trust).

4.2.2. Management Issues

In management-related issues both WWTPs perform the same, with only 2 out 7 management
variables evaluated as positive, even though the systems operate at different scales (design flows of
1.5 Ips in Tepeji vs 37 lps in Panajachel on average). Both plants lack operation manuals accessible to
the operator, personnel lack training and capacities and laboratory analyses are not accessible and
hassle-free in any of the cases (although in Panajachel sampling is carried out with norm-compliant
frequency by a federal authority, key stakeholders—such as the plant’s operator—do not have access
to the results and have therefore no feedback on their work).

In terms of risk and safety, operators in both pilot sites lack appropriate working conditions,
(clothing, equipment, adequate-hand-washing-facilities). In neither of the cases had the risks posed to
the environment or surrounding populations by malfunctioning of the WWTP been studied. Panajachel
stakeholders manifested that environmental risk assessment is relatively new in public administration,
and that they hope it will be integrated along with, for example, Environmental Impact Assessment
(EIA), soon.

In Latin America in general, investments are often made to build an infrastructure project, but
the funding for its long-term operation and maintenance (including equipping operators, performing
routine samplings, etc.) is not secured, and nor are income generating options (resource recovery,
for instance) duly considered [40]. Although this is a known issue, new infrastructure is being
built as we write in Panajachel, while in Tepeji funds are being sought for the building of a large
scale WWTP, still without a clear idea of how current infrastructure will continue to be financed or
maintenance challenges faced (e.g., equipment repairs, salaries). Without a change towards adequate
financial planning it is likely that both existing and new WWTDPs at the studied sites will continue to
operate sub-optimally.

4.2.3. Social Issues

The overarching recommendation, applicable to both sites, is to facilitate stakeholders the access
to the information about their own social network. A common understanding of the problem itself is
lacking. Who should be contacted with which need, or as formulated by Reed et al. “who is in and
why?” [23] is a key question with a high degree of influence on the social development in both pilot
sites. A common understanding of the problem is the basis for facilitating social interaction among the
involved stakeholders. Economic and human resources should be provided to conduct an in-depth
Stakeholder and Social Network Analysis in both pilot sites.

5. Conclusions

To advance towards sustainability in the urgent topic of wastewater management in the Americas,
data scarcity and scatteredness must be overcome to allow for precise understanding of current or
baseline sustainability performance. From such an understanding, bottlenecks can be made visible,
and pathways towards sustainability can be envisioned. To increase the accuracy of the assessment and
the adequacy of proposed solutions, research should go beyond one single perspective. To this end,
we have proposed a multi-scalar data framework that includes variables for four different territorial
scales: the WWTP, the municipality, the subcatchment and the watershed. Other scales could be chosen
in other projects, what we propose is the multiscalar approach, not necessarily the scales themselves.
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Additionally, we propose to assess sustainability across four dimensions (environmental, technical,
economic and social), and to incorporate other strands of scientific practice into the assessment
(stakeholder analysis and wickedness analysis).

Transdisciplinarity is also a tool for improved success of research projects in this topic
(see introduction). Throughout this project, we worked closely with local stakeholders and
non-scientific practitioners. Their input was crucial in tailoring the framework to be locally relevant
(see Section 2.2.2.2), and in the process of envisioning and evaluating solution options.

In this paper we present the method itself (Section 2) and partial results of its application in two
pilot sites (Section 3). We also discuss the benefits and limitations of the method, and point to ideas for
its future improvement and further application (Section 4.1).

As to the method itself, we found the multiscalar approach to enrich assessment and to allow
to make visible issues that are not shown by single scale analysis, namely the interconnections of
the technical system (WWTP) with ecological systems (watershed, riparian areas) and social systems
(government, public administration, community dynamics, social perception). Shedding light on these
interconnections, bottlenecks and obstacles to achieve sustainability are understood in a deeper and
more detailed way, as many of the bottlenecks would be invisible when looking only at one scale or one
dimension. The main limitations of the method are data and time intensity. Good planning, working
closely with engaged local partners and performing a preliminary screening of data availability and
data holders is recommended.

As to the results of the assessment presented here, Sustainability Assessment showed that technical
and environmental variables tend in general to perform medianly to well, with microbiological
parameters performing below the norms in both cases. Social and economic variables are the weakest
spot of both of the WWMS analysed (Section 3.3). The results of the other two components of the
method (stakeholder analysis and wickedness analysis) will be the object of future publications.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4441/11/2/249/s1,
Table S1: Extended Framework.
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Abstract: With the constant increase of population and urbanization worldwide, stress on water,
energy, and food resources is growing. Climate change constitutes a source of vulnerability, raising
the importance of implementing actions to mitigate it. Within this, the water and wastewater sector
represents an important source of greenhouse gas (GHG) emissions, during both the construction
and operation phase. The scope of this study is to analyze the GHG emissions from the current and
future water supply scheme, as well as to draw a comparison between possible water reclamation
with resource recovery scenarios in the town Leh in India: a centralized scheme, a partly centralized
combined with a decentralized scheme, and a household level approach. Precise values of emission
factors, based on the IPCC Guidelines for National Greenhouse Gas Inventories, previous studies,
and Ecoinvent database, have been adopted to quantify the different emissions. Potential sources
of reduction of GHG emissions through sludge and biogas utilization have been identified and
quantified to seize their ability to mitigate the carbon footprint of the water and wastewater sector.
The results show that the future water supply scheme will lead to a significant increase of the GHG
emissions during its operation. Further, it is shown that decentralizing wastewater management in
Leh town has the least carbon footprint during both construction and operation phases. These results
have implications for cities worldwide.

Keywords: greenhouse gas emissions; decentralized water reclamation with resource recovery;
Water-Energy-Food Nexus; climate change mitigation

1. Introduction

Today, more than half of the world’s population lives in urban areas, and by 2050, 66% of
the world’s population is projected to be urban [1]. Apart from being the centers of demographic
growth, cities and urbanized regions are considered to be centers of economic activity and increased
consumption of resources. It has been reported that a global “business as usual” scenario will lead
to an increase of 30-50% of water, energy, and food demand by the year 2030 [2]. As a consequence,
rapid urbanization requires a rigid integrated approach able to foster urgent synergies between sectors
to limit adverse consequences of urbanization, mitigate trade-offs, and ensure sustainable urban
development [3].

In light of the dialogues within the international community, many regional and local governments
are committed to addressing global challenges through the Sustainable Development Goals (SDGs)
defined by the United Nations (UN), such as ensuring equitable drinking water and adequate

Water 2019, 11, 906; doi:10.3390/w11050906 130 www.mdpi.com/journal/water



Water 2019, 11, 906

sanitation to all (SDG 6), achieving sustainable food production and resilient agricultural practices
(SDG 2), reaching universal access to affordable and clean energy (SDG 7), as well as strengthening
resilient and adaptive capacities to climate related disasters worldwide (SDG 13). However, this
support started before the support of the SDGs in the framework of the 2030 Agenda For Sustainable
Development—many countries have supported the UN global Agenda 21, 1991 [4], the Habitat
Agenda, 1997, the establishment of the Cities Alliance, 1999, and the New Urban Agenda, which was
adopted during the UN Conference on Housing and Sustainable Urban Development (Habitat III) in
Quito, Ecuador, in 2016. The water sector was a core theme of this last conference, which promoted
“the conservation and sustainable use of water by rehabilitating water resources within the urban,
peri-urban, and rural areas, reducing and treating wastewater” [5].

The importance of the current challenges accompanying rapid urbanization are understood and
supported in the international development agendas. Nevertheless, cities and urbanized areas should
also be recognized as being sources of solutions to, rather than only the cause of, these challenges. If an
urban area is well-managed and well-planned, urbanization could be a powerful tool for sustainable
development for both developing and developed countries.

The Urban Water-Energy—Food (WEF) Nexus approach [6] responds to the urgent need for policies
and implementation mechanisms, which are equipped with an approach to counter “silo-thinking”
in vital urban sectors. This approach addresses the crucial metropolitan sectors of Water, Energy,
and Food (WEEF), to reach a more efficient and effective use of resource cycles in urban and peri-urban
areas. A key factor for the success of the Urban WEF Nexus approach is its methodology for both
vertically- and horizontally-integrated governance, and building upon existing urban development
strategies for enhanced coordination. In doing so, the Urban WEF Nexus offers customized solutions
to sustainably govern rural-urban linkages and resource interdependencies through comprehensive
spatial perspectives. It provides salient future-oriented solutions in the context of the Habitat III debate,
as well as for the shaping of the New Urban Agenda.

2

1.1. Water Reclamation with Resource Recovery as Key Nexus Potential

As mentioned previously, the water and wastewater sector will be facing important challenges
in the future, due to the increase of population and resulting increase of water demand. Further,
water pollution is becoming an important issue, which could partly be due to the unsafe handling
of wastewater, resulting in a higher incidence of waterborne diseases [7]. Another further source of
vulnerability is climate change, as the observed effects already show water availability declination,
shifts in precipitation patterns, as well as the deterioration of water quality [8]. This puts an extra
adaptation burden on water and wastewater utilities against predicted climate change impacts.

At the same time, ensuring safe drinking water and safe wastewater treatment and disposal
also contribute to greenhouse gas (GHG) emissions, since the different water utilities, which are the
companies or institutions responsible for managing water and wastewater, are particularly energy
intensive [9]. Water losses can imply even higher energy consumption, and methane or nitrous oxide
emissions from wastewater treatment plants can increase the carbon footprint of the water sector [10].

Energy consumption, which is necessary at different levels in the water and wastewater sector, is
witnessing an increasing demand, since the water supplied and wastewater to be treated is increasing.
That increase implies a simultaneous increase in the GHG emissions, contrary to their aims of having
a smaller carbon footprint. Some studies demonstrate the important share of GHG emissions in the
water sector. For instance, the GHG emissions from the water sector in the United States (U.S.) has
a percentage of 5% of total GHG emissions of the country, in comparison to a higher value in the
United Kingdom (U.K.), due to end uses of water in heating [11]. In 2015, the share of GHG emissions
from wastewater treatment and discharge in both the United Kingdom and United States was around
0.3% [12].

By drawing special attention to the synergies between climate change mitigation and adaptation
measures, especially in the water sector, an integrated approach may support the effective action
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of cities on climate change and the implementation of the SDGs. The opportunities that this sector
offers are multiple in terms of recovery of water, energy, nutrients, and other materials from the
water reclamation with resource recovery. Investing in more efficient technologies can lead the water
utilities to decrease their need and expenses related to energy use, as well as improve the carbon
balance of water and wastewater companies and contribute to climate change mitigation. This is
important in developing economies, which are developing urban infrastructure systems, as well as
developed economies, where infrastructure systems are very water- and-energy intensive and may
need modifications in view of future climate change challenges.

In this paper, we discuss carbon footprint analysis for the developing economy context of Indjia.
Centralized and decentralized water reclamation with resource recovery strategies were compared
using the case study of Leh Town, Ladakh, India, and highlight potential for greenhouse gas emission
reductions in context of the WEF Nexus.

1.2. GHG Emissions in India

The Intergovernmental Panel on Climate Change (IPCC) was created in 1988 by the World
Meteorological Organization (WMO) and the United Nations Environment Program (UNEP), to allow
assessments on all aspects of climate change and its impacts and propose realistic strategies for response.
The scientific proof brought by the IPCC Assessment Report of 1990 [13] played a decisive role in
the creation of the United Nations Framework Convention for Climate Change (UNFCCC), which is
considered to be the key international treaty to mitigate global warming and adapt to the outcomes of
climate change.

UNFCCC divides countries into three main groups. Annex I Parties to the Convention mainly
includes industrialized countries that are members of the Organization for Economic Co-operation and
Development (OECD), plus countries with economies in transition (EIT parties), such as the Russian
Federation, the Baltic States, and several Central and Eastern European States. Annex II Parties consist
of the OECD members of Annex I, but not the EIT Parties. These are required to provide financial
resources to support developing countries to undertake measures against climate change. Finally,
Non-Annex I parties are mainly developing countries [14].

In accordance with Articles 4 and 12 of the Convention and the relevant decisions of the Conference
of the Parties (COP), Annex I parties are required to submit yearly to the UNFCCC secretariat national
GHG inventories of anthropogenic emissions by sources and removals by sinks of GHG not under
control by the Montreal Protocol: this is an international treaty that entered into force in 1989, and is
designed to protect the ozone layer by eliminating the production of different substances that are
responsible for ozone depletion [15]. These inventories are subject to an annual technical review
process. In addition, these parties submit information on the implementation of the Convention,
counting national activities to mitigate and adapt to climate change [16]. All non-Annex I Parties are
also required to submit a national inventory of emissions by sources, to the extent its capacities permit.

The IPCC provides practical guidelines for countries to prepare GHG inventories. The 2006 IPCC
Guidelines for National Greenhouse Gas Inventories includes the reporting methodology of emissions
from the sectors of Energy, Industrial Processes and Product Use, Agriculture, Forestry and Other
Land Use, Waste, and others. According to India’s inventory on GHG emissions [17], the wastewater
handling percentage increased from 47.4% in 1994 to 78.5% in 2010 of the GHG emissions of the
waste sector, which had a share of 2% in 1994 and 4% in 2010 of the total GHG emissions of the
country. In comparison, Germany demonstrates a stable value of GHG emissions from the wastewater
treatment and discharge sector, with 9% in 1990 in comparison to 10% in 2015. The high percentage
of GHG emissions from the wastewater sector in India proves the importance of developing studies
targeting the wastewater sector, in order to identify sources of GHG emissions and potential for climate
change mitigation.

This paper hypothesizes that in the context of a city in a developing economy, where existing water
infrastructures are inadequate to meet basic needs and services, implementing a decentralized approach
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for wastewater treatment leads to less GHG emissions than a centralized wastewater treatment strategy.
The study uses the town of Leh in India as a case study and hypothesizes that this analysis can lead to
propose future opportunities of energy, water, and GHG saving potentials. The objectives of the study
in Leh are to undertake the following:

e  Study the current and planned wastewater management;

e Investigate and analyze different scenarios of possible water reclamation with resource recovery;

e Propose opportunities of improvement that can lead to energy, water, and GHG emission saving
potential in the water and wastewater sector.

1.3. State-of-the-Art on GHG Emissions Estimation in the Wastewater Sector

The ongoing global warming trend is strongly related to the ongoing emissions of CO, and other
GHG to the atmosphere, such as Nitrous Oxide (N,O) and Methane (CHy) [18]. The Global Warming
Potential (GWP) is the index widely being used to compare the greenhouse effect of different gases.
CO; has, by definition, a GWP of 1 [19]. CHy4 contributes significantly to the greenhouse effect. Its effect
has a considerable lifespan of 12 years and a GWP of around 34 times higher than CO, [20]. This potent
gas is responsible for 20% of anticipated warming. Similarly, and due to increasing human activities
and their impact on the global environment, N,O is increasing in the atmosphere at a rate of around
0.3% per year. With a GWP of 298 CO,-equivalent over a 100-year time horizon and a lifetime of
120 years, N,O is responsible for 6% of anticipated warming [21].

Water and wastewater management is facing different challenges in the coming years, as the
energy use in the water sector is growing [11]. An important source of GHG is the electricity used,
which depends on the process of production (from renewable sources or burning of fossil fuels).
Depending on the energy mix of the country, electricity production can emit a more or less important
amount of CO,. India’s electricity emissions increased from 901.7 g CO,/kWh in 2005 to 926 g CO,/kWh
in 2012, which are values higher than the global averages [22]. A reason for that is the dependence of
India on its large coal reserves for energy production and electricity generation. [23] proposes three
impact categories, namely embodied energy, carbon footprint, and eutrophication potential, and key
contributors to these environmental impact categories, to assess the environmental sustainability of
wastewater treatment plants (WWTPs) during construction and operation [23].

The IPCC (2006) suggested a method to calculate GHG from wastewater treatment while stressing
the importance of choosing country specific data, when available, and default values in the opposite
case. [24] developed an energy consumption model to quantify the energy consumption and the
relative GHG emissions from sewage sludge treatment processes, while taking into account the data
from sewage sludge treatment plants in Osaka, Japan. Other studies use life cycle assessment methods
for this aim. However, no general calculation method, besides the one developed by the IPCC, has yet
been set up to compute the GHG emissions from the wastewater sector. Generally there is a lack of a
proper and generalized methodology to study the interlinkages between water and energy use and
intensity and GHG emissions in the wastewater sector, which poses a hindrance in comparing different
water infrastructure systems across various regions [25]. This study aims to address this research gap.

Emissions can be distinguished into those occurring during the construction phase and the ones
resulting during the operation. For the purposes of this paper, they are differentiated as follows into
sources of methane (CH,) and nitrous oxide (N,O) emissions.

1.3.1. Sources of CH4 Emissions

The common sources of CHy emissions in wastewater management are from sewers and from
WWTPs. CH,4 emissions from sewers occur during conversion of organic carbon by methanogenic
archaea, which are microorganisms that can reduce CO, with H;, to CH4 under anaerobic conditions,
released to the atmosphere through manholes and atmospheric discharge points. Both the CHy
emissions from gravity [26] and pressurized sewers [27] have been studied. However, the latter is
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considered to have a higher risk of production, because no air/water interface to diffuse oxygen into
the liquid phase and promote aerobic conditions is present. In general, unless air or oxygen is used to
control sulphide, anaerobic conditions are typically the predominant ones. Hence, sewers are optimal
conditions for methanogenesis. Even if the IPCC, 2006, indicates that closed underground sewers,
which are predominant in urban water infrastructure, do not imply important CH4 emissions, studies
have shown the contrary. [27] relate that the sewage CHy4 can contribute to an extra share ranging
between 12-100% of GHG emissions to the ones from a WWTP. However, conventional methods for
estimating these emissions are lacking. [27] also demonstrate a strong positive correlation between
methane and sulphide production. The longer the sewers, the more production of methane and
sulphide [27].

CH, produced in WWTP is approximated to 0.85% of the influent COD [20]. While [28] reveal
a CHy percentage of 75% as CO; equivalent (CO; eq) in the total GHG emissions from wastewater
management, [29] find that the proportion of CHy4 generation can constitute 12% of the total GHG
emissions of the WWTP, three-quarters of which was found to be from the anaerobic digestion of the
primary and secondary sludge. CHy sources from WWTP could include:

1.  Dissolved CHy that is produced and transported from the collection system and that is then
stripped a the WWTP headworks or in the aerobic reactors;

2. Dissolved CHy that is produced from anaerobic digestion and is left in the reject water that is
recycled to the aerobic tanks, where a fraction of the dissolved CHy is ultimately stripped;

3. CHj gas produced in anaerobic digestion that escapes via gas piping leaks;

4. CHy gas produced in anaerobic digestion that is not fully combusted in cogeneration [30] or
thermally destructed by flaring;

5. CHj gas escaping from digested sludge storage facilities [29]; and

6.  Anaerobic lagoon treatment systems.

1.3.2. Sources of N,O Emissions

The N,O emissions can occur from different sources. N,O emissions from sewers: [31] tried to fill
in this gap knowledge by providing a presumptive emission factor for gravity sewage systems around
1.4-1.8 g N,O person_1 year‘l. N,O emissions can also emanate from biological wastewater treatment.
The proportion of N»O contribution to a WWTP’s total GHG emissions has been estimated to account
for 78% [29]. During biological wastewater treatment, N,O emissions can be the result of processes,
including nitrification and denitrification through the following pathways [32]: (1) Autotrophic
nitrification: (NH,OH) oxidation in the conversion of ammonia (NH3) to nitrite (NO2) and during the
reduction of nitric oxide (NO) produced through ammonia oxidizing bacteria (AOB) denitrification;
and (2) heterotrophic denitrification during the oxidation of nitrate NO3- to N,. IPCC includes a
default emission factor for N,O from wastewater treatment, which only takes into consideration
the population, despite the various studies directly linking the N,O emissions and the operational
conditions of the wastewater treatment plant [33]. They should be accounted in the optimization
strategies of GHG emission minimization. N,O emissions from effluent discharge in receiving waters:
N;O can also be indirectly emitted from the conversion of the nitrogen in the effluent of a WWTP by
nitrifying and denitrifying bacteria, depending on the nitrogen removal in the treatment plant [20].

1.3.3. Other CO,, CHy, and N,O Emissions

Aside from CO,, CHy, and NO emissions from biological conversions, other sources of these
emissions can include: (1) Onsite stationary fossil fuel combustion sources, which encompass engine
generators, pumping equipment and driving processes at water treatment and pumping facilities;
(2) electricity use; and (3) sludge disposal off-site due to vehicle fuel consumption for transport.
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1.4. Water Reclamation with Resource Recovery

With the aim of reducing energy and costs, decreasing the stress on natural resources, and
achieving a more circular economy, recovering resources from treated wastewater can be helpful.
Water reuse practices over the world have proved that resource recovery is far beyond just a matter of
technology. The products of this process have to meet some requirements, such as the ability to be
sold and to fit to the purpose of the usage [34]. The recovery of resources from wastewater can be
categorized into three main groups: water, energy, and nutrients, which are described in the following
in detail.

1.4.1. Water

Reclaimed water is defined as the effluent from a WWTP, which has undergone a set of physical,
chemical, and biological treatments to remove suspended solids, dissolved solids, pathogens, organic
substance, nutrients, and metals [35]. It can be exploited for different purposes. Agricultural irrigation
is the most common water reuse [36]. In the urban water use context, many successful pilot projects
all over the world have implemented water reclamation and water reuse. In the industrial sector,
reclaimed water can be used for cooling. Groundwater recharge and potable reuse have also received
much interest [37].

In order to achieve the quality standards of the treated water for reuse, microbial and chemical
contaminants can be removed by combinations of advanced oxidation processes, activated carbon and
biofiltration, or integrated membranes, such as ultrafiltration followed by reverse osmosis [37].

Water and energy interaction are an important component to consider in designing reuse schemes.
Decentralized reclamation can, in fact, reduce the energy needed for pumping reclaimed water over a
long distance and tailor water qualities to the identified purposes [38].

The need for water reclamation in India is recognized through political frameworks. However,
detailed treatment standards and types of water reuse applications have not been developed yet.
The Ministry of Urban Development has addressed the issues in several advisories in recent years
for recycling and reuse of wastewater. However, it was not until the last revision and update of the
Manual on Sewerage and Sewage Treatment Systems [39] that guidelines were specified for the water
quality for the treated water based on its intended reuse [40]. CPHEEO defines quality parameters for
the non-potable water reuse in India. Different standards are defined for water reuse for toilet flushing,
fire protection, vehicle washing, non-contact storage, horticulture, and golf courses [39].

1.4.2. Energy

Energy plays an important role in resource recovery, since electricity is used for the treatment of
wastewater and it can also be recovered from the treatment process. Similarly, heat can also be recovered
and used on site. It can sometimes exceed the energy needs of the plant. Hence, the discussions about
energy use in the treatment processes are now moving from achieving energy efficiency to achieving
energy neutrality or realizing a production which surpasses energy demand [34].

Meda et al., [41] state that the used water counts different forms of energy: potential energy,
chemically-bound energy, and thermal energy. The two most important energy recovery paths from the
water reclamation process are [34] anaerobic digestion and heat recovery—anaerobic digestion (AD) of
the sludge, which can be burnt in a cogeneration unit. The resulting heat and electricity can be utilized
for specific needs of the plant. AD typically converts the readily biodegradable portion of the solids.
This portion can be enhanced through pre-treatment and co-digestion. The first opens the cells of the
bacteria in the activated sludge, which allows for the release of the contents of the cells and makes
them available to the anaerobic bacteria for conversion to biogas. Thermal hydrolysis, sonication,
mechanical disintegration, and electrical pulse treatment are all technologies used in the pre-treatment
of sludge. Co-digestion, on the other hand, is based on the addition of readily biodegradable feedstock,
such as fats, oils, and grease, which can be locally collected, to the digester. These are afterwards
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co-digested with the sludge, increasing the biogas yield. In terms of heat recovery, [42] state that
recovered heat from used water treatment plants can be used either for district heating, sludge drying,
or thermophilic heating. While the implementation of these options depends greatly on the current
price of carbon; district heating is considered to be the most promising in terms of carbon reduction
potential [42]. Thermal energy can be concentrated using heat pumps, which can be characterized by
different thermal capacities, to be used on-site in the process or off-site [43]. Other energy recovery
paths include microbial fuel cells, a technology that uses bacteria as the catalysts to ensure the oxidation
of organic and inorganic matter and generate a current.

1.4.3. Nutrients

The isolated management of the WEF resources has caused unsustainable and open nutrient loops.
Synthetic fertilizers are produced from finite resources and energy intensive processes to ensure the
bioavailable nutrients for agricultural soils. Following fertilizer production and food consumption,
humans concentrate these nutrients in wastewater. However, in place of being reused and recycled,
effluent of WWTPs is regularly discharged to freshwater sources, contributing simultaneously to
eutrophication [44]. Therefore, WWTPs should be seen as reliable sources of nutrients and water used
for agriculture through irrigation.

Phosphorus use is primarily recurrent in agricultural fertilizers. Almost 83% of the world’s reserves
are concentrated in Morocco, China, South Africa, and the United States [45]. Although phosphorus
production is predicted to enter a long decline once it reaches its peak in 2033, its consumption level
is predicted to be increasing [46]. Nitrogen is another important component used in agriculture.
Its production is energy intensive and produces consequent GHG emissions [47].

These nutrients can be recovered from raw wastewater sources, semi-treated wastewater effluents,
and biosolids from treatment byproducts. The latter can be applied to the land after treatment, leading
to soil conditioning and synthetic fertilizer use reduction. The most important concerns of this recovery
path are mainly health and safety issues, as well as odor and public acceptance [48]. Urine separation
is another possible path of recovery that ensures nutrient loads of WWTPs are reduced significantly.
This maximizes nutrient recovery from wastewater, as up to 80% of nitrogen and 50% of phosphorous
of domestic water are contained in urine [49]. The major challenge relative to this technology is
the requirement of intensive support and engagement from local communities, which is sometimes
difficult to handle [50]. Other uncommon methods for resource recovery include controlled struvite
crystallization, which is based on extracting struvite from sludge digester liquors because of its high
concentrations of phosphorus, ammonium, and magnesium. This path can be economically feasible,
however it can block valves, pumps, and pipes [51].

1.5. Decentralized Water Reclamation with Resource Recovery

Centralized wastewater management strategies face many different challenges to cover the needs
of communities in terms of collecting and safely managing the generated wastewater, especially in
low-income countries [52]. They are very water and energy intensive and either do not function
well, or at all, with reduced availability of water and energy. They are also very capital intensive.
As an alternative, decentralized water reclamation with resource recovery can contribute to reducing
drinking water consumption, and is more cost-efficient than centralized systems [53], especially in less
dense areas [54].

A decentralized approach for water reclamation with resource recovery offers many opportunities,
including water reuse. Decentralized systems are defined as the collection, treatment, and distribution
of water and wastewater near the point of use or generation [55]. They are more likely to reduce
collection transport distances and use a smaller piping system installed at a shallower depth [56], all of
which leads hypothetically to less use of energy and construction material, simultaneously reducing the
relative GHG emissions in comparison to a centralized approach. In this section, different decentralized
water reclamation with resource recovery options alongside potential GHG emissions are discussed.
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“Decentralized Wastewater Treatment Systems” (DEWATS) refers to a modular systems approach,
which provides treatment for wastewater flows ranging from 1 m® and 1000 m? per day per unit.
They can also offer the possibility of achieving energy recovery for cooking, lighting, or power
generation. These systems include 4 steps, encompassing the sedimentation, the anaerobic digestion,
the aerobic and facultative decomposition, and the post treatment [57].

1.5.1. Constructed Wetlands

Constructed wetlands (CW) systems are systems that are designed and built to utilize the natural
process for wastewater treatment, in addition to multiple ecosystem services (flood control, climate
regulation, supporting biological diversity, and others [58,59]. This technology is able to treat to a good
quality domestic, industrial, and municipal wastewater, storm water, and agricultural land runoff, as
well as landfill leachate [60]. There are two types of CWs: Free Water Surface (FWS) or Subsurface
Flow (SF). From this latter, Vertical Subsurface Flow CWs (VSSF) and Horizontal Subsurface Flow
CWs (HSSF) can be distinguished. Due to the different removal efficiencies of these types of treatment,
they are usually combined. A common design consists of two steps [58]:

e  Several VSSF beds to remove organics and suspended solids and ensure nitrification; and

e Two or three HSSF beds to ensure denitrification and the further removal of organic and suspended
solids. The pre-treatment step is necessary before the CW to avoid clogging, which is an obstruction
of the free pore spaces due to the accumulation of solids. Conventional treatment settling time
requires a retention time extended up to 4 h [61].

1.5.2. Fecal Sludge Management

Fecal sludge (FS) includes all liquid and semi-liquid components of pit and vaults, which
accumulate in on-site sanitation installations [62]. These latter are systems of sanitation within the
immediate surroundings of the occupier, such as septic tanks, private latrines or toilets, and aqua
privies. In some cases, the Fecal Sludge Management (FSM) can be conducted on site and by extended
in-pit consolidation and storage. In other cases, such as septic tanks, single pit, or vault installation, the
sludge has to be collected and treated off site [63]. FS is known to be more concentrated in suspended
and dissolved solids. It can be treated in a separate system, such as a waste stabilization pond,
aerated pond, upflow anaerobic sludge blanket, activated sludge reactor, anaerobic biogas reactor [62],
or co-treated with the sludge produced from a WWTP. It can constitute undigested or partially digested
slurry or solids resulting from storage or treatment of blackwater or excreta. FSM encounter many
challenges in terms of (1) sludge collection due to cost intensive mechanized vehicles and narrow
streets, (2) health hazard for handlers and the public nearby in case of traditional and uncontrolled
FSM, and (3) potential lack of treatment facilities, which leads to environmental damage. FSM involves
the activities of collection, treatment, and reuse or storage.

2. Case Study Area Leh Town, Ladakh, and Basis for GHG Emission

Leh town, located on the banks of the upper Indus River, is the capital of the Ladakh district
in the most northern Indian state, Jammu and Kashmir. Being in the Indian Himalayas, Ladakh
is characterized by a cold high-altitude desert with precipitation averaging around 61 mm/annum,
occurring in the format of both rain and snow [64].

Ladakh’s valley is weighted down with well-maintained latera and terminal moraines. Therefore,
in the event the melting of the glacier or during rain, water drains in the valley and is considered a
primordial source of drinking water and irrigation water. Groundwater is available as an unconfinement
condition in the deposits of gravel mixed with salt and sand material. However, groundwater is facing
high risk of contamination due inefficient or absent wastewater disposal strategies [65].

A cold arid climate characterizes the desert of Ladakh. Severe cold is typical during dry
winters, whereas during summer, moderate hot and dry weather distinguishes the climate in Leh.
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The temperature can drop to —40 °C during winter and escalate to 35 °C during the summer season [66],
with an annual daily average of 7.3 °C. A slight but noticeable warming trend has been signaled over
the years while analyzing temperature datasets. This development was accompanied during the last
decades by an inverse relationship regarding the precipitations patterns. The change in climatic pattern
is predicted to have an important impact on the ecology, vegetation, the hydrology, as well as the
human activities, such as agriculture [67].

Leh town is divided into 21 administrative wards and is classified as a Class III Urban
Agglomeration and has a Nagar Panchayat or a Notified Area Council (NAC), which is an urban
political unit in India comparable to a municipality. The population as per the Indian census increased
from 28,639 in 2001 to 30,870 in 2011, resulting in a growth rate of 7.8%. In addition to the permanent
resident population, a significant number of floating population exists. The tourism industry and army
forces are the two main reasons for the latter, which is constituted of migrant laborers, who are mainly
present in the short summer seasons from June to September [64].

Historically, agriculture has been an important part of the economy of the Ladakh region. Trading
dairy, wool, and pashmina goat fiber, as well as farming barley and wheat, has been sufficient for
subsistence for about 8800 years for the local communities [68]. The economy in Leh has, however,
gradually shifted during the last decades. The opening to tourism in 1974 has generated many job
opportunities and contributed to 50% of the region’s Gross Domestic Product (GDP) as of 2010 [69].
The number of tourists has drastically increased by almost 280% from 2007 to 2017 [70]. This number
is highly fluctuant yearly and seasonally, as tourists are mainly present during the summer, which
almost matches the agricultural activity of the area [68].

To ensure the water supply to Leh town inhabitants, significant amounts of energy are being
used to pump water from groundwater aquifers to the city. Water is for instance extracted from the
Indus River Aquifer and is pumped over 300 m in vertical distance upwards and several kilometers
horizontally to be stored in reservoirs, and later distributed by gravity in Leh town [71].

Due to the remote location of Leh town, it is, similarly to the whole Ladakh region, not connected to
the Indian grid. Currently, the Ladakh region is supplied power from diesel generators (about 12 MW)
of the army and paramilitary forces and micro hydroelectricity units (about 14 MW). Therefore, a large
amount of diesel is still being used for supplying Leh-Ladakh’s daily energy demands. This amount is
estimated currently at 8000 L of diesel a day to cover the power needs of Ladakh [72]. The used fuel is
imported from the outside, which outweighs both the expenses of the region, and the resulting GHG
emissions from fuel combustion. In fact, on a regional level, Ladakh’s power requirement is increasing
by an annual rate of 7%. [72] predicts this to be around 140.5 MW by 2025.

The increasing energy demand has led the authorities to build a hydro power plant, Nimoo Bazgo
Hydroelectric Plant, commissioned in 2014 with a capacity of 45 MW. Leh town is facing repeated
power cuts despite this. Solar radiation is one of the most abundant energy resources in Ladakh,
at around 7-7.5 kWh m~2 day~!. This causes higher than the average irradiance on horizontal surfaces
in India (5.6 kWh m~2 day™!) [72]. In Leh, the solar radiation available is of the same order (5.54
kWh m~2 day~!). Currently the full potential of this resource is yet to be exploited and can constitute a
suitable off-grid and household scale technology [73]. Direct applications can be to:

e  Lift the irrigation water from Indus river tributaries;
e  Distribute drinking water to remote areas;
e  Ensure heating and hot water for buildings.

A further resource for energy is the geothermal energy. [74] stress the existence of geothermal
resource potential at suitable depths, which in the Ladakh region can be explored and developed.

Due to the lack of information for the GHG emissions inventory at a region or a town level,
emissions from the state Jammu and Kashmir are related to in the following. The 2013-2014 Emissions
Inventory of CO, reports emission in in Jammu and Kashmir as 0.68% of India’s annual emissions [75],
where the most important emitting sector is the energy sector, and the least is the waste sector.
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2.1. Wastewater Management Situation in Leh

A sanitation system can be defined as to be able “to protect and promote human health by
providing a clean environment and breaking the cycle of disease” [76] highlights the importance that
these systems are sustainable: economically viable, accepted in the society, and suitable technically
and institutionally.

The World Health Organization (WHO)/United Nations Children’s Fund (UNICEF)’s Joint
Monitoring Programme (JMP) for water supply, sanitation, and hygiene, allows one to access open
source country specific data online [77]. It shows the evolution of access to sanitation between 2000
and 2015 in the rural and urban areas of India, analyzed by the service level provided. The trend shows
an overall increase of access to sanitation through use of improved latrines, septic tanks, and sewer
systems. Septic tanks are the most used type of sanitation in rural and urban areas, whereas improved
latrine coverage has declined in urban areas. JMP also enables benchmarking and comparison of the
sanitation service levels across countries. In order to reach safely managed sanitation service (SDG 6.2),
improved sanitation facilities should be ensured, so that the excreta produced is either [78]:

e  Treated and disposed in situ;
e  Stored temporarily and then emptied and transported to treatment off-site; or
e  Transported through a sewer with wastewater and then treated off-site.

On the other hand, the share open defecation has substantially decreased both on a rural and
urban level in India from 2000 to 2015, with the increase of safely managed facilities or basic sanitation
facilities. Open defecation is, however, still very recurrent in urban areas, with a share of over 50%
in 2015.

According to [79], the access to sanitation in Leh is mainly based on “Ladakhi dry toilets”,
a traditional form of pit toilets, with a percentage of 74%. Flush or pour toilets are the second most
important sanitation type with a share of 14%. The number of toilets according to the 2011 census
data is around 4000 for a population of 30,870. However, 4% of the households still are not equipped
with private toilets and rely on open defecation or public toilets. Districts like Leh Ladakh, Kargil,
Ramban, and Jammu, where more than 60% of the households are dependent upon on-site sanitation
facilities, need priority interventions. Also, in extreme cold climates, the fecal sludge and septage
tends to freeze inside the containments and the decomposition processes comes to a halt below 0 °C.
Since the septage will not decompose, the volume inside the tank or pit will be higher and it becomes
necessary to desludge septic tanks in cold areas, such as Leh and Kargil, where temperatures drop as
low as —20 °C to —40 °C in winter nights [80].

Currently, Leh encounters a lack of wastewater management structure to manage the increasing
wastewater amounts. Many houses in the town have soak pits and septic tanks that gather the
wastewater. However, this infrastructure is poorly managed and rarely emptied. Therefore, it can be
assumed that seepage occurs from these pits and tanks infiltrating and polluting the upper stretches of
groundwater in Leh [71]. A higher density of septic tanks is more likely to increase the probability of
pollution [81].

Overflowing septic tanks may cause leeching into the ground, and septic tanks or soak pits that are
poorly designed can increase the risk of contamination of groundwater. The Municipal Committee of
Leh (MCL) realized the need to improve the management of the septic tanks through yearly desludging,
as well as building a fecal sludge treatment plant (FSTP) [82]. The FSTP was designed by BORDA and
CDD society and realized by MCL and the Blue Water Company. It targets the hotels that would not be
connected to the proposed centralized treatment plant in Leh. The collection of the sewage is through
a vacuum truck, which runs depending on clients need. The FSTP of Leh, which was inaugurated
in August 2017, is a DEWATS solution that is based on the Planted Drying Bed Technology. It has
a capacity of 12 m%/day within a built up area of 60 m?/m®. The FSTP must run optimally in Leh’s
extreme climatic conditions, especially during the cold winter temperatures and low sludge inflow [82].
The collected sludge, after passing through a screen chamber, flows by gravity to one of the 10 Planted
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Drying Beds. Here, the solid and liquid separation occurs and the digestion of a fraction of the solids
is completed. The treated liquid is then directed to one of the two Horizontal Planted Gravel Filters.
The final step is disinfection, where the water is places in a Polishing Pond. The sludge retained in the
first drying bed accumulates and is dried. Once it reaches 0.9 m it can be removed and used as an
organic soil conditioner.

The authorities in Leh have also started the construction of a centralized sewerage system that will
service around 50% of Leh town, with a WWTP planned near the banks of the River Indus. A consulting
firm was commissioned in 2009 to design the sewage line, main pumping station, and the WWTP, with
the aim to collect sewage, transport it to a treatment plant, treat it, and dispose it without causing
any health and environmental problems. The treated water is to be reused for agricultural irrigation
partially and the rest discharged to the River Indus. The technology chosen for the water treatment is
the activated sludge followed by a settling tank [83]. However, no disinfection step, which is necessary
for water reuse for agricultural irrigation, is planned in the project. The excess produced sludge is to
be dried using vast drying beds with no further valorization.

The estimated population for the design of the centralized WWTP in Leh was based on computing
the average of five population estimation methods, while taking the census data from 1921 to 2001 and
using the arithmetic progression method, geometrical increase method, incremental increase method,
state urban method, and the geometrical method [83]. However, this has led to an overestimation of the
estimated population for the year 2001, at 35,496, in comparison to 30,870 stated in the last census [79].

2.2. Scope of This Paper

This study undertakes a comparative analysis of GHG emissions emitted from the operation of
the water supply scheme and the potential scenarios of water reclamation with resource recovery
strategies in the town of Leh, India, in order to identify potential pathways of GHG emissions reduction.
The carbon footprint and emissions assessment constitute primordial fundamentals in low-carbon
research [84]. However, the ubiquitous term “carbon footprint”, which is widely used, seems to not
have a clear definition [85]. According to the Parliamentary Office of Science and Technology, 2006,
calculating carbon footprint is summing up the total amount of CO, and other greenhouse gases
emitted during the life cycle of a process.

In this study, the total carbon footprint is the sum of individual GHGs, in which carbon
dioxide (CO,), methane (CHy), and nitrous oxide (N,O), are expressed in CO; equivalent (CO; eq).
The conversion of CHy and N,O emissions to CO; eq will be realized by using their GWP, according
to [86]. The GHG emissions are estimated for the water scheme, and in the proposed future water
reclamation with resource recovery schemes in Leh during an assessment period of one year. Measuring
the carbon footprint takes into consideration the difference between the wastewater to be generated
and handled during the winter and the summer.

The GHG emissions from the water supply scheme included in this study are those from the
abstraction of the water, treatment of the water, and distribution of drinking water. The GHG emitted
from the operation of the wastewater sector and accounted for in the context of this study are those
from the collection, treatment, and discharge of the wastewater, and transport and sludge disposal
when applicable.

The GHG emissions estimated are the ones from the current water supply scheme run by the
Public Health Engineering Department (PHE), which is the governmental institution responsible
for ensuring water supply and wastewater management of the town of Leh, during the assessment
period of one year. The analysis will be based on previous research results of current and future
fuel consumption related by [87]. The GHG emitted from the operation of the wastewater sector is
evaluated from three proposed scenarios of future water reclamation with resource recovery schemes in
Leh, which take into consideration the complete or partial coverage of the proposed sewage treatment
plant, and which are described as follows:
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Scenario 1: Water Reclamation with Resource Recovery through a Centralized WWTP

The final design of the centralized wastewater collection and treatment solution is aimed at the
year 2040, with a design population that has been recognized to be overestimated [65,83]. As the
available data about the running costs of the WWTP are related to the final design year of 2040,
the GHG emissions will be computed for the design year and population in 2040 (sub-scenario 1).
A more realistic population estimation will be calculated for the year 2040, alongside the relative GHG
emissions (sub-scenario 2). For the two sub-scenarios, the population connected will be the estimated
population living in households during the year, as well as the floating population during the summer.

Different methods of population estimation exist, which take into consideration various parameters
of population growth, leading to different results [88]. In order to highlight a more realistic estimation
of the design population related by [83], a new population estimation will be computed as the average
of the arithmetic progression method, the geometrical increase method, the incremental increase
method, the state urban method, and the geometrical method, while taking as reference the census
years from 1921 to 2011. It is the same method proposed by Tetra Tech, however it converges.

Scenario 2: Partial Management of the Wastewater from the Areas that can be Connected to the
WWTP, Combined with Decentralized Water Reclamation with Resource Recovery

This scenario supposes a more realistic approach, where only some parts of Leh will be serviced
through the centralized scheme. The unconnected parts of the city are subdivided into pockets
where wastewater is treated using a decentralized water reclamation solution. The chosen treatment
technology is Subsurface CWs due to their economic, technical, and climatic appropriateness.

Scenario 3: Partial Water Reclamation with Resource Recovery from the Areas that can be
Connected to the WWTP, Combined with Household Level Treatment Solutions

Similarly to scenario 2, only a part of the town is connected to the WWTP. The rest of the
households are hypothetically equipped with a septic tank, which is desludged once a year. The fecal
sludge is transported by vacuum trucks to an FSTP, where it is treated. Wastewater generation is
assumed to be similar to scenario 2. The emissions from the connected area to the WWTP will be based
on interpolating the population connected to the WWTP with the results of the WWTP’s designed
population GHG emissions from scenario 1. The three scenarios are depicted in Figure 1 below.

Figure 1. Three scenarios for water reclamation with resource recovery in Leh, India.

It is supposed that 80% of the daily consumed water becomes wastewater. The water use is 135
L/day/capita for the part of Leh connected to the WWTP for scenario 1.84 L/day/HH and 76 L/day/tourist
during the summer for scenarios 2 and 3, according to [89]. All the hotels and guesthouses are assumed
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to be full during the summer. The number of tourists is, hence, equal to the number of beds. The
number of beds is taken from the results of a survey completed in 2015. Wastewater generation
takes into account the permanent residents during the year, combined with the surplus wastewater
production during the summer.

2.3. GHG Emissions Assessment

As seen above, different sources of GHG emissions can occur while ensuring drinking water
supply or safely managing the wastewater. The GHG Protocol orders the different emissions in three
categories or “scopes”, in order to avoid counting the emissions multiple times. Scope 1, or “Direct
emissions”, are those from sources owned or under the control of the water utility. The second scope,
also called “indirect emissions”, are the emissions from the consumption of electricity. The third scope
encompasses “Other indirect emissions”, which are the product of the water utility’s activities [90].
Figure 2 includes the emissions in the wastewater sector comprised in the assessment, according to the
scope. The ones assessed in the context of this study are highlighted in green, while those that exist,
and which are not accounted for in this study, are highlighted in red.

Wastewater Water

g
Scope 1: Direct emissions

Emission from the mamlenance

activibes

CO;, CH, and N,O emissions
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Figure 2. Types of emissions captured in this study.

2.3.1. GHG Emissions from Operation of the Water Reclamation with Resource Recovery Scenarios

The overall methodology of the assessment is based on using emission factors, which quantify the
emissions for every potent gas from their different sources of emission. This methodology is the same as
used in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [20]. The chapter “Energy”
will mainly be used for GHG emissions from electricity and fossil fuels usage during the collection,
treatment, and discharge of the wastewater; or transport of sludge. Chapter 5 “Wastes” of the “2006
IPCC Guidelines for National Greenhouse Gas Inventories”, which includes wastewater treatment and
discharge, used for the choice of emission factors of GHG emissions related to wastewater treatment
and discharge in the WWTP, and the wastewater treatment in septic tanks. The emission factors from
wastewater treatment in CWs are derived from [91,92].

2.3.2. GHG Emissions from Construction Works

In order to account for the carbon footprint from the construction works of the different scenarios,
datasets from the Ecoinvent 3.3 database have been used [93]. The assessment from the construction
phase mainly includes the carbon footprint from excavation using hydraulic diggers and the production
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of cement and concrete used. In order to analyze the emissions from Scenario 1 or the connected parts
of Leh serviced by the WWTP in scenarios 2 and 3, the Energy Performance and Carbon Emissions
Assessment and Monitoring (ECAM) tool was used [94]. The ECAM tool is an open access web-based
tool, developed by the German International Development Agency (GIZ) project Water and Wastewater
Companies for Climate Mitigation (WaCCliM). It enables water utilities to:

e Assess the origin of their GHG emissions and their relative weight;
e Identify potential areas for improvement, regarding energy savings; and
e  Forecast the reduction impact of future measures and monitor the results after their implementation.

As the WWTP of Leh is still not built, the objective of using the ECAM tool is to estimate the
future GHG emissions from the operation of the planned WWTP, as well as identifying high sources
of emissions during the collection, treatment, and discharge of the wastewater, and pointing out the
GHG emissions from the current water supply scheme in Leh.

2.4. GHG Reduction Potential

In order to value the potential of reducing GHG emissions from the wastewater sector, valorization
sludge and biogas, through electricity production and usage as a cooking fuel, will be discussed in
scenario 1 and scenario 2 in the following. Electricity production from biogas is computed through the
formula of [95].

The biogas potential related to the chosen serviced population can be estimated for the assessment
year, as follows; the biogas is supposed to be produced during the whole year. The production
estimation takes into account the availability of organic matter during summer and winter. [96] specify
that the biogas requirement per meal in India is 0.07 m3/meal. If three meals are typically consumed
per day, 0.21 m3 of biogas per person per day is needed; if only two meals are consumed, 0.14 m? daily
per person is required. However, due to the technical challenges of transporting the biogas from the
point of biogas production to the households, losses should be accounted before utilizing it. The losses
from small-scale biogas plants can be due to cracks in biogas digesters and tubing or can be done
intentionally when the biogas surpasses the needs. Only the losses from the cracks are assumed here
to estimate the maximum potential of utilizing biogas. The value of losses is supposed according
to [97] for a value of 5%. The cooking fuel used in domestic cookers in Leh is supposed to be natural
gas. This estimation is rough, as the use of other types of cooking fuel would lead to different related
GHG emissions.

3. Results and Analysis

3.1. Water Supply Sector Emissions

The Public Health and Environment (PHE) institution is responsible for ensuring the drinking
water supply to the population of Leh. The water abstraction and distribution system as of 2017 is
composed of:

e  Four stages of pumping stations extracting around 1.5 MLD of water and using around 560 L of
fuel daily [87];

e  Spring water [87];

e  Six borewells extracting 1.24 MLD of groundwater daily and using around 86 L of diesel daily for
running the pumps [87].

PHE also operates 10 water tankers in Leh town during the year. It extracts 80% of the water from
tubewells, whereas the rest comes from spring sources. The average distance driven is 70 km per day
for all operating water tankers. The resulting daily fuel consumption is then 17.5 L. The future water
supply scheme proposed by PHE is designed to supply about 10 MLD of water per day by 2042 to
the town from the Indus aquifer, as well as through using the six same borewells. It is reported that
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the proposed future scheme would lead to a consumption of around 3600 L of diesel per day for the
4 pumping stages, 86 L/day of diesel for the 6 borewells, as well as 17.5 L from operating the water
tankers [87].

After abstraction and pumping of the water from the Indus Aquifer, it is conveyed to storage
reservoirs. From there, the residents receive the supplied water by gravity through private household
connections and public standposts. The water receives no treatment before distribution. Hence, there
are no GHG emissions related to the treatment. As the distribution system is combined with the
abstraction system, the resulting GHG emissions can be described together.

The water supply is currently the source of 658 t CO; eq per year, with the biggest share from
the fuel used for pumping the water from the Indus River Aquifer (around 556 t CO, eq per year),
followed by the water extraction from the borewells (83 t CO, eq per year), and finally the water
tankers (17 t CO; eq per year). The proposed future supply scheme which would allow to supply an
amount of 135 L/day/capita for the estimated population by 2042 would imply an increase of 540%
of CO, eq emitted during the operation of the pumping system, in comparison to the current water
supply scheme. This value certainly highlights the need to propose potential possibilities, according to
which the carbon footprint from the operation of the water supply scheme can be decreased.

To make a comparison between Leh’s current figure in terms of GHG emissions in the water supply
scheme and other countries or cities, data were taken from the literature review, were normalized,
and compared according to the GHG emissions per m® of supplied water. The current scheme in Leh
shows the second highest value of GHG emissions per m? of supplied drinking water in comparison to
China [10], the United Kingdom [98], the United States [99], Durban in South Africa [100], and Oslo in
Norway [101]. This could be explained, similarly to Australia, by the energetic mix in both locations,
which is based on burning fossil fuels to cover the energy requirements, diesel fuel in the case of Leh,
and coal and oil in the case of Australia [102]. This high value can also be justified in the case of Leh
by the need to pump the water from the Indus river aquifer south of the town, up to 345 m elevation
change to the northern part of the town.

PHE’s water supply scheme is seen as inappropriate, since it is allowing supply of water for
only a few hours per day. This is not sufficient for the summer season, when tourists increase the
stress on the available and supplied water by PHE. Consequently, many households, guesthouses,
and hotels own private borewells and use a pumping unit on site to extract groundwater for their daily
consumption [89]. If fossil fuels are used for pumping, the GHG emissions from ensuring sufficient
water supply is even higher. The absence of regulation for drilling private borewells in Leh does not
only lead to a potential pollution of the groundwater due to the proximity of drinking water wells to
septic tanks [71], but also these practices constitute a catalyzer to climate change. It is then necessary
to suggest possibilities of GHG reduction through utilizing renewable energies or through minimizing
the energy needed for pumping in the water supply scheme.

Ref. [101] propose a comparison of electricity usage patterns during pumping and treatment of
drinking water in different cities of India. This allows a comparison in terms of GHG emissions from
the electricity used, as well as from fuel usage in the case of Leh. Over 95% of the GHG emissions in
the case of Hyderabad and Shimla are due to the extraction and pumping of water [103], while it is
of 100% in the case of Leh. The GHG emissions from water supply in Leh are in the same range of
the ones of Hyderabad, while Shimla, which is situated in a hill station in the Himalayan Mountains,
has to source the water from long distances and pump it uphill. This explains the high value of GHG
emissions per m? supplied.

3.2. Wastewater Sector Emissions

The GHG emissions from the operation of water reclamation with resource recovery schemes in
Leh is discussed and compared between three scenarios of:

e  Fully centralized scheme
e Combined decentralized and centralized scheme
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e  Combined household level and centralized scheme

Scenario 1: Fully Centralized Scheme

Computing the new population projection while including the census of 2011 shows an
overestimation ranging from 15,000 to 20,000 people by year 2040 in comparison to the design
population estimated by Tetra Tech. Consequently, the WWTP is more likely to operate under the
designed capacity. The two estimations will be taken into account in the analysis to provide a range of
GHG emissions for the centralized water reclamation with resource recovery scheme.

The first scenario is based on hypothetically connecting the total population of Leh town to the
WWTP. It is also supposed that the electricity needed for running electromechanical engines, for
pumping purposes, and for aerating the activated sludge tanks being supplied directly from a local
electricity supplier through a connection to the power grid.

According to the Tetra Tech report, the estimated population used to design the system is at
120,836, while the new estimated population computed in this study is 52,313 during the year and
68,007 during the summer, including the floating population. The discrepancy between the two
population estimations could be explained by the fact that the neighboring villages of Choglamsar,
Saboo, and Stok, with a total population of 26,471 as of 2001 census [79], will most probably not be able
to connect to the sewerage line.

The results show that the step that contributes most to the GHG emissions is the wastewater
treatment step. This could mainly be due to the high electrical energy requirement for aerating the
activated sludge tank. It has been reported by [104] that the aeration processes in activated sludge can
consume up to 60% of the total plant power requirements. Further, around 80% of GHG emissions are
owing to the electrical energy that would be used on site or for collecting the wastewater, followed by
N,O emissions emitted during biological treatment and discharge of treated wastewater.

The results in terms of GHG emissions from the two population estimation scenarios show a big
discrepancy, since these are in the function of the inflow wastewater to the plant and can greatly affect
the results. It is shown that if more people are connected to the WWTP, the GHG emissions will be
higher. On the other hand, the design capacity of the WWTP (population estimation 1) is much higher
than the projected one from the new population estimation 2. The lower value of wastewater inflow
could lead to operation issues, especially if the pumps run dry or operate near to the shut-off head.
This could actually cause overheating and degradation of the quality of the pumps [39]. For this reason
and to avoid issues from running the WWTP under capacity, it can be suggested to allow hotels to
connect to the plant and simultaneously increase the wastewater inflow to the plant, or to decrease the
capacity of the planned WWTP.

Ref. [105] state that a typical Biological Nutrient Removal activated sludge WWTP for 100,000 PE
may be the source of around 5300-7400 t CO,/year of GHG emissions. Their study took in fact into
account plant power requirements and energy recovery, as well as energy embodied in the chemicals
consumed and transport requirement or disposal of biosolids produced. This is roughly comparable to
the value of 4600-7500 t CO,/year of population equivalent to 90,000 and 120,000 in this study, where
energy recovery and embodied chemical energy are not accounted for.

3.2.1. Sludge Disposal

The design of the planned WWTP in Leh does not include a valorization of the produced sludge.
It is only proposed to stabilize it through drying it in solar drying beds [83]. Here, different possibilities
of sludge disposal will be discussed, as well as their impact on the carbon footprint of the plant.

The discussion will be based on the sludge production from the design population estimation
(92,951 during the winter and 120,836 during the summer) to have a maximum value of the possible
GHG emissions. The results of the inventory include the sum of the transport of the sludge, as well as
the disposal method. The discussed methods are transport of the sludge and disposal of it to a landfill,
and transport of the sludge and application of it to the land.
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The transport is assumed to be using a truck of a capacity of 5000 kg. The estimated dry weight of
the sludge to be sent to the disposal site is at 26,859 kg for the sub-scenario 1. The landfill is estimated
to be at a distance of 7.6 km from the WWTP. The land application is supposed to be in the agricultural
areas of Leh. The distance from the WWTP to the agricultural area is roughly 10 km. The need to apply
the sludge is assumed to be during the summer months only, hence the transport of the sludge to the
land is supposed to be completely fulfilled in 6 trips.

After analyzing the results, the total carbon footprint from transporting the sludge is less than 1%
from both disposal scenarios and can be supposed as negligible. Land application is a better alternative
to manage the sludge produced from the WWTP, as an alternative to the landfill. Although this last
leads to lower N, O emissions than land application, it produces an important amount of CHy due to
the anaerobic conditions in the landfill. Hence, it is recommended to valorize the produced sludge, by
land application for example, instead of disposing it in a landfill, as it offers a potential of 64,076 kg
CO; eq saving. Land application of the sludge should only be done after biological, chemical, or
thermal treatment of the sludge to reduce its fermentability and health hazards.

In utilizing sludge for land application, the concentration of toxic elements, such as Zinc, Copper,
Nickel, Cadium, Lead, and Mercury, must not exceed certain limits [106]. Land application of the
sludge can enhance the fertility of soil and increase the crop yield of agricultural lands. It can also be
used to regenerate barren lands to productivity or to provide the vegetative layer needed for controlling
soil erosion. A significant amount of sewage sludge should be applied to land to provide sufficient
nutrients and organic matter for supporting the vegetation until achieving a self-sustainable ecosystem
(7 to 450 t dry weight/ha) [107]. The produced sludge can be used in Leh town to recover the fertility of
the barren land, located in the proximity of the WWTP. If 7 t dry weight/ha of sludge is applied to the
land, almost three ha of barren land can be regenerated.

3.2.2. Biogas Potential and Usage

The estimated biogas production during the period of assessment for the two population estimation
scenarios is as follows. The produced biogas, if not valorized or flared, would lead to higher CH,
emissions in the air. The valorization of the biogas produced from a WWTP can be achieved through
different paths [108]. If the electricity is used on site to cover a percentage of electrical energy
requirements, this would lead to GHG reduction potential of 907 t CO, eq (sub-scenario 1) and 510 t
CO; eq for (sub-scenario 2).

The production of electricity through an internal combustion engine requires a pre-treatment
to remove traces of Hydrogen Sulfide (H,S) and humidity, which can both lead to damaging the
equipment and increasing the heating power of biogas [109]. However, onsite electricity consumption
of the produced biogas could cover a share of 13% the electricity needed, allowing savings for costs of
the electricity. Alternatively, if the biogas from sub-scenario 1 is used as a cooking fuel, it would cover
the need of a range of 7000-8000 persons for preparing three meals a day for one year for sub-scenario
1, or 4000-5000 persons for covering the fuel needed for cooking three meals a day for one year for
sub-scenario 2. The biogas produced can be sold to interested clients in the surroundings of the WWTP
for daily usage, for instance to the inhabitants of the military area. If the biogas produced is used as a
cooking fuel, between 110 and 210 t CO; eq will be saved per year, depending on whether two or three
meals a day are consumed.

Scenario 2: Combined Decentralized and Centralized Scheme

The parts of Leh that will not be connected to the centralized sewerage system can hypothetically
be serviced by defining decentralized pockets with an alternative collection and CW treatment option.
The pockets defined in this study can be divided into two groups, according to the number of
households in each pocket: 18 small size pockets of less than 60 households as of 2015, and 3 big size
pockets of households number higher than 100 as of 2015. In addition to these pockets, the areas that
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will also be connected to the WWTP encompass 2992 households as of 2015, as well as a bed capacity
of 2452. The different size pockets have the following wastewater generation:

between 1000 L/d and 2000 L/d in 11 pockets
between 1000 L/d and 24,000 L/d in 7 pockets
higher than 24,000 L/d in 4 pockets

Two sub-scenarios are studied to draw a comparison between the gravity sewers and vacuum
sewers for collecting the wastewater in the different pockets. One of the first differences is the electrical
energy requirement for the second, which is estimated by [110] to be in the range of 0.2-0.7 kWh/m3.
In order not to underestimate the GHG emissions from these systems, the highest value was chosen for
the inventory. Due to this electrical energy requirement, the vacuum sewer would emit 64 t CO; eq,
in comparison to zero GHG emissions from operation of the gravity sewer.

The collection step is the largest contributor to the GHG emissions in the case if vacuum sewers
are used. If gravity sewers are used, the treatment process is the largest contributor to GHG emissions,
similar to scenario 1. The treatment step includes both for HSSF CWs and for VSSF CWs emissions
from the biological degradation of organic matter. The VSSF CWs require electrical energy to lift the
water during the treatment, but despite this, the emissions from HSSF remain higher than the ones
from VSSE. This can be explained by the higher CH4 emissions factor reported by [92] for the HSSF
(a median value of 7.4 mg CH;~C m~2 h™!) in comparison to the ones of VSSF with a value of 2.9 mg
CH,~C m~2h~!. In addition to that, the result is also due to the fact that HSSF needs more area per PE
than VSSF [111].

While comparing the emissions per m® of treated wastewater in the pockets and in the areas
connected to the WWTP, the results of emissions per m? during the treatment for the connected area to
the WWTP are higher than those of the decentralized pockets. This can again be explained by the high
electrical energy requirement of the WWTP.

3.2.3. Biogas Potential and Usage

In terms of biogas potential for the different pockets, the produced biogas if not valorized or flared
would lead to a higher CH4 emission in the air. If all the biogas produced in the pockets is utilized for
cooking, it would lead to approximately 90-100 persons having enough cooking fuel for three meals a
day for one year, or 135-145 persons for two meals a day for one year. Using biogas instead of LPG
can lead to a saving potential of around 3 t CO; eq from the same number of people using LPG for
covering their energy requirement for cooking fuel for one year. Allowing the use of biogas can be
a great incentive for the population to support the installation of a decentralized water reclamation
with a resource recovery solution, which can simultaneously produce biogas. The biogas could be
utilized at hotels or guesthouses, for example, in return for a higher share of investment for installing
the decentralized solution or for covering the operation and maintenance costs.

Scenario 3: Combined Household Level and Centralized Scheme

The water reclamation with resource recovery scheme in this scenario is based on combining
a household level on-site wastewater treatment approach with a centralized FSTP that treats and
stabilizes the fecal sludge, alongside the centralized treatment through the WWTP of the similarly
connected areas, as in scenario 2. Every household and hotel is hypothetically equipped with a
septic tank.

The results of GHG emissions from the population with on-site sanitation shows that the sludge
disposal is the largest contributor to GWP with a value of 331 t CO; eq, in comparison to the
on-site treatment of the generated wastewater (260 t CO, eq) and the sludge transport to the FSTP
(260 t CO; eq). The CH,4 emissions from septic tanks are higher (92% of total emissions) than N,O
emissions, which account only for 8%. This can be explained by the anaerobic digestion occurring in
the septic tank, which results in the production of CH, [112]. CH,4 emissions from septic tanks are
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considered as a big contributor to global warming, since CHy has a GWP of 34 over 100 years [86],
especially if there is no utilization of the CH4 produced. A possible strategy for reducing the CHy
emissions from septic tanks would be to capture it, in order to utilize it as a cooking fuel or simply
flare it. Flaring biogas can actually decrease the carbon footprint by converting all CHy to CO, [101].
However, the flare for a household plant has nearly the same costs as a flare for a large plant of 20,000
inhabitants. Therefore, the specific costs per person are high for flares implemented in small systems at
the household level. Since septic tanks lead to CHy emissions, and since flares are neither economical
nor practical at the small scale, installing septic tanks could have an important negative impact on
climate change if this pre-treatment method is adopted [113].

Comparison of the Scenarios

Since the first scenario deals with the future planned centralized sewerage system for the projected
population by 2040, while the second and the third scenarios analyze the wastewater management
for the population by 2015, the comparison of different emissions from different scenarios will be
completed by defining a comparison ratio of the produced emissions divided by the cubic meter
of treated wastewater in each scenario. This is also important, since for the first scenario, only the
households are supposed to be connected, while in the two others, the wastewater produced from the
households, guesthouses, and hotels is managed.

Figure 3 highlights the comparison of the GHG emissions per cubic meter of treated wastewater in
scenario 1 (sub-scenario 1), scenario 2 (if the collection is ensured with gravity sewers and the treatment
is with VSSF), and scenario 3. The comparison of the 3 scenarios shows that the combination of the
proposed centralized system combined with a household-level wastewater treatment solution has the
highest ratio of GHG emissions per m?, in comparison to scenario 1 and scenario 2. Scenario 2 shows
the lowest carbon footprint during operation. This could be explained by the fact that for scenario 2
and 3, the wastewater treated by the decentralized treatment solution or by onsite treatment is much
lower than the volume of water treated by the WWTP from the connected areas. Hence, it is more
appropriate to calculate the ratios of GHG emissions of centralized, decentralized, and household level
wastewater management separately.
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Figure 3. GHG emissions per m? of treated water in the 3 scenarios.

When comparing these in terms of GHG emissions per m? of treated wastewater, the highest
ratio is allocated to the centralized approach, followed by the decentralized approach using CWs.
A decentralized approach could lead to a lower carbon footprint during its operation. The household
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approach has been omitted from this comparison due to the very high values in comparison to the
other approaches.

3.2.4. GHG Emissions from Plant Construction

Aside from the carbon footprint of the operation of the different water reclamation with resource
recovery solutions, the construction phase can also have a considerable impact on GHG emissions,
especially when comparing the construction requirement of a high capacity WWTP in comparison to
decentralized or household scale water reclamation with resource recovery alternatives. The analysis
of the GHG emissions from the excavation works and production of cement concrete, plum concrete,
and mortar concrete in the installation of gravity mains, rising mains, pumping station, and WWTP
show an overall value of 2177 t CO; eq. With a percentage of more than 20%, the share of installation
of the gravity sewage lines account for 625 t CO; eq. The excavation activities and the concrete
requirement from the WWTP account for over 60% of the total carbon of the centralized sewage scheme,
with a value of 1127 t CO, eq. This does not include the emissions due to the use of reinforcement
steel also used for the construction of the WWTP, which has a share of 33% of the carbon footprint of a
WWTP’s construction and its dismantling [93]. Taking this into account would lead to an even higher
carbon footprint. The same occurs when the transport of materials to the site of construction, and the
electricity used for construction are also considered.

On the other hand, if the lifetime of the plant is 30 years, the GHG emissions related to the
construction of the WWTP, sewage system, and the main pumping station would account only for 2%
of the GHG emissions from the projected electricity used for pumping the wastewater and treating it
for 120,000 people (sub-scenario 1). Other studies demonstrate that GHG emissions from the use of
raw materials and energy during the construction of two real WWTPs corresponds to 10-20% of the
total GHG emissions of the WWTP for a service life of 30 years [114].

The carbon footprint of scenarios 2 and 3 will be even higher if the WWTP is built with the
same capacity as scenario 1 but having to treat a smaller share of the generated wastewater. Further,
upscaling the construction of septic tanks for a total population as in scenario 1 leads to total emissions
of 46,365 t CO, eq, whereas upscaling the construction of CWs for 120,000 people will lead to a total of
1153 t CO, eq. CWs allow the least carbon footprint during the construction phase, in comparison
to the WWTP, as the carbon footprint of installing septic tanks for the same volume of wastewater
to treat is by far the highest (46,365 t CO; eq). Constructing household sanitation systems is, hence,
the largest emitter in comparison to decentralized and fully centralized water reclamation with resource
recovery schemes.

4. Discussion

The results of the GHG emissions inventory in the operation of a water supply scheme, and the
possible proposed water reclamation with resource recovery approaches presented in this study, show
important sources of GHG emissions, as well as opportunities for valorization of byproducts of the
water reclamation with resource recovery process. In this chapter, further GHG emission reduction
opportunities will be discussed.

As part of the PHE project to ensure drinking water for Leh town, 6 borewells, located in Khankshal,
Laddon, Jumabach, Tukcha, Agling, and Murtsey are used to pump water from the groundwater to
supply the public stand posts. The borewells pump water from a depth between 6 and 27 m daily
and provide a total amount of 1.674 billion L/day. The consumption of the diesel needed for this is
estimated to be 31,089 L per year [87], which is equivalent to an emission of 83 t CO, eq per year.
The energy productivity of diesel fuel pumps can highly be increased by replacing these latter with
solar photovoltaic pumps [72]. In fact, as seen above, the availability of solar irradiation in Ladakh can
play an important role in substituting the used fuel and its related yearly costs.

Furthermore, solar pumping would allow for a system that operates without any GHG emissions.
Solar pumping is already being used in many locations worldwide, due to the economic and
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environmental implications of using a fossil fuel powered systems [115]. A common use of solar
pumping is for irrigation [116]. On a broader scale and based on field experience on multiple installed
systems, [117] has proved their technical maturity and reliability. Hence, design of solar pumping
systems for the 6 borewells in Leh is proposed.

So far, the carbon footprint from the water supply scheme and the water reclamation with resource
recovery schemes have been discussed separately. However, a fully decentralized water reclamation
with resource recovery scheme could positively influence the carbon footprint from the water supply
scheme—[118] recommends different water supply levels for Indian towns, depending on the type on
their sewerage systems. A decentralized water reclamation with resource recovery strategy in Leh,
similar to scenarios 2 or 3 in this study, will lead to a requirement of only 70 L/day instead of 135 L/day
per capita. According to the information and data received from PHE in 2017, 8 million liters per day
will be extracted from the future water supply scheme in Leh town using two pumps, to supply the
water for 59,259 people. Afterwards, three other stages, each equipped with two pumps, will run
daily to lift the water up. The GHG emissions from using fuel were calculated above, and it is around
3672 t CO, eq per year. This is roughly equivalent to a value of 1.26 g CO; eq per liter of supplied
water. Hence, in case Leh is not provided with a centralized sewerage system, a water supply of 4.2
million liters per day is required. which is equivalent to only 1928 t CO, eq per year. A decentralized
water reclamation with a resource recovery approach will, thus, allow a saving potential of 1744 t CO,
eq per year.

4.1. Overcoming the Biogas Challenge

India has been experiencing a rapid increase in installed biogas plants since 2013 [119]. However,
in high altitude regions, such as Jammu and Kashmir State, where the town of Leh is located, the trends
seems to be unsatisfactory, as the number of plants constitutes only 0.06% (2.739 plants) of the total
plants installed in the country, as of March 2013 [119]. The most prominent challenge in biogas
technology in high altitude areas is climatic conditions, mainly the temperature, where severe winter
conditions can limit the gas production [120]. This is mainly because the methanogenic bacteria,
responsible for biogas production, are very sensitive to temperature changes, and these regions are not
able to ensure permanent heating provisions and automatic temperature control.

To overcome these challenges, research has led to the development of floating drum biogas plants,
while using bricks in the process of fabrication of the digester, insulating around it with straw, enclosing
it within a greenhouse, and using hot water to mix the feeding. This set-up has led to a higher biogas
production rate of 1.6 to 2.6 m3/day [121]. Another challenge that can endanger the optimal operation
for the digester is the low sludge rate production during the winter. However, the sludge for the
digester can be collected and conserved during winter and afterwards be used to initiate the digester
to boost the anaerobic process. Hence, operationalizing biogas production has very significant energy
security potential in Leh.

4.2. Limitations of the Study

The analysis of carbon footprint shows that municipal WWTPs have a small impact at a global scale,
constituting 0.45% of the yearly average pro capita CO, eq emissions in Europe [114]. Nevertheless, it is
a good method to detect sources of GHG emissions and target them to suggest GHG reduction potential,
which could help decrease the carbon footprint of urban areas. However, it cannot provide sufficient
proof for decision-making, as an ecological evaluation through a life cycle assessment (LCA) offers
a more complete method for assessing the impacts of processes on different impact categories [114],
such as human toxicity, smog, global warming, and eutrophication [122].

On the other hand, during the construction of the different scenarios, only excavation and cement
and concrete production have been taken into consideration, as these were considered to be the
largest contributors to the carbon footprint of the construction phase. The resulting calculated carbon
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footprints are underestimated. However, the results give a very good basis of comparison between the
different scenarios.

Further, while emission factors have been assumed to reach an approximation of GHG emissions,
these may lack precision and accuracy, since they are not always verified by measurements. While many
studies certify that they underestimate the real GHG emissions in the case of wastewater treatment, [26]
found that in the context of the GHG emissions study for a WWTP, the measured emissions were
almost 36% lower than the estimated emissions based on emission factors. A sensitivity analysis could
be helpful to arrive at a range of estimated GHG emissions. Nevertheless, using emission factors
allows for a concise comparison between the studied scenarios.

5. Conclusions

This study compared the carbon footprint of the operation of the current and future water supply
scheme in Leh town. Further, it analyzed sources of emissions from different water reclamation
with resource recovery scenarios in Leh, being fully centralized, or a combination of this with a
decentralized treatment scheme or a household level treatment scheme. The results show that the
electricity requirement for the planned WWTP will lead to high GHG emissions. In addition, a fully
household-level on-site treatment scheme could lead to the highest value of GHG emissions per m?
during the construction and the operation phase. Thus, this scheme is not encouraged for managing
the wastewater in Leh, due to the uncertainty of the safe management of the sludge produced, and
due to absence of regulations. Fixing a desludging frequency and operating maintenance activities is
important to avoid health and environmental hazards.

The results of this study show that a fully decentralized water reclamation with resource recovery
scheme, based on VSSF CWs, can in fact allow the least GHG emissions during operation. This is further
supported by the low carbon footprint from the construction of decentralized water reclamation with
resource recovery schemes (1153 t CO; eq) in comparison to an onsite water reclamation with resource
recovery scheme generalized to the whole town (46,365 t CO, eq), or a centralized water reclamation
with resource recovery option through the WWTP (2177 t CO; eq), to manage the wastewater from
120,000 PE in Leh.

The study also highlighted GHG emissions reduction potential, including utilizing the produced
biogas and sludge. If electricity is produced and utilized on site from the biogas produced in scenario
1, a range from 500 to 900 t CO; eq can be saved from using power grid electricity. Similarly, utilizing
the sludge for land application could provide a saving potential of 64 t CO; eq in this scenario,
in comparison to sending it to a landfill. Alternatively, using biogas as cooking fuel in scenario 2 could
allow a saving potential of 3 t CO; eq for substituting the LPG need for cooking.

Further, a solar pumping system has been proposed to replace the current diesel fueled pumps
to extract groundwater used for water supply, which would allow a saving potential of 83 t CO; eq
per year. This system is also recommended to be adopted by private hotels and households, as it
may imply fuel cost savings and a better water supply reliability. In addition, decentralizing water
reclamation with resource recovery can also lead to a saving potential of 1744 t CO; eq due to the lower
water supply requirements. The results obtained with the available data and upscaled to the treatment
capacity of the proposed WWTP or obtained from the normalization of GHG emissions to the cubic
meter of treated wastewater should be examined critically due to the uncertainties of emission factors
used and to the non-consideration of future urban development patterns. Also, the projected energy
consumption for the water supply sector and the planned WWTP are uncertain. However, the results
clearly underline the importance to engage in discussions to reevaluate and propose measures to be
implemented to achieve more sustainable urban water management in Leh. Supporting decentralized
water reclamation with resource recovery pilot projects can demonstrate the necessity of upscaling
these types of solutions in the context of Leh.
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Abstract: To solve the problems of increasing local flooding, water shortage, and water pollution
caused by the traditional model of urban development, the Chinese government proposed a new
model of urban development—the Sponge City. In Beijing, the capital of China, research on storm
water management in urban areas has been carried out since 1989 and has put forward the concept of
urban storm water harvesting and flood control. The further research and demonstration application
started in 2000. So far, a series of policies and technology standards on storm water management
have been formulated, which promote the application of technologies on comprehensive urban storm
water harvesting and flood control. A significant number of storm water harvesting and flood control
projects have been built in Beijing, which are now playing important roles in runoff reduction, local
flood control, non-point source pollution reduction, and storm water utilization. However, it does
not solve the above problem completely. Storm water management and flood control needs to be
further strengthened. The “Sponge City” is based on natural and ecological laws, which allows storm
water to be managed with natural infiltration, natural retention and detention, and natural cleaning
facilities. Through in-depth analysis of the connotation, characteristics, and construction path of
“Sponge City”, this paper summarizes the status quo of urban rainwater flooding, flood control
technology development and application, and Beijing policy and engineering to introduce the overall
ideas and methods of Sponge City construction. All the above will provide a reference for cities with
similar problems in the construction of sponge cities.

Keywords: Sponge City; water ecology; storm water management; flood control; resilience

1. Introduction

With global warming, rainstorms and other extreme weather events are occurring frequently,
leading to flood and non-point source pollution [1]. In order to solve this problem, in the late 1990s,
the state of Maryland in the United States developed Low Impact Development (LID) technology to
achieve runoff and pollution control caused by heavy rain, mainly through decentralized, small-scale
source control. After nearly 20 years of development, it has become the urban green rainwater
infrastructure (GSI) technology most commonly used in the United States and many developed
countries [2]. Similarly, Australia’s Water Sensitive Urban Design (WSUD) [3], New Zealand’s Low
Impact Urban Design and Development (LIUDD) [4], and the UK’s Sustainable Urban Drainage
System (SUDS) [5], are like-minded technologies. The concepts and related measures of storm
water harvesting and storm water management in Japan and rainwater storage infiltration in Japan
are also offer important precedents for different countries to deal with urban flooding and runoff
pollution. Since 1949, China’s management of urban rainwater runoff has generally experienced three
stages, namely the direct rain stage (1949~2000), the combined use stage (2000~2013), and the system
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management stage (2013~present). In 2013, General Secretary Xi Jinping proposed the construction
of “Sponge City”, which indicates that China’s urban rainwater management has entered the stage
of system’s management. Beijing has conducted research and applied rainwater utilization since
1989. It is the earliest city in China and has achieved good results. It has played an important role in
reducing and controlling urban rainfall runoff, reducing non-point source pollution and preventing
urban infighting. Therefore, studying the current situation of sponge cities in Beijing, especially in the
management of storms and floods, will help to provide experience and reference for the international
defense construction of cities affected by floods [6].

2. The Connotation of Sponge City

2.1. Concept

General Secretary, Xi Jinping put forward the construction of a “sponge city” with natural
accumulation, natural infiltration, and natural purification at the Central Working Conference on
Urbanization in December 2013. At an important speech on the protection of water safety in March
2014, General Secretary Xi reiterated that urban planning and construction must consciously reduce the
intensity of development, retain, and restore an appropriate proportion of ecological space, and build
a “sponge home” and a “sponge city”. In November 2014, the Ministry of Housing and Urban-Rural
Development issued a technical guide for the construction of sponge cities—the construction of
rainwater systems with low impact development (Trial), pointing out that sponge cities, like sponges,
had good “elasticity” in adaptation to environmental changes and response to natural disasters [7].
When it rains, the city will absorb, store, infiltrate, and purify water, if necessary, the storage water will
be released and utilized. As the Guidance of the Ministry of Water Resources on promoting the water
conservancy work in Sponge City construction defines it, the sponge city is based on the low-impact
development and construction model, and is supported by the flood control system, giving full play to
the natural accumulation, penetration, purification and relaxation of green space, soil, rivers, and lakes.
The release of runoff effect has achieved source reduction, decentralized retention, sustained release,
and rational utilization. Urban storm water runoff enables cities to mitigate or reduce the impact of
natural disasters and environmental changes, and to protect and improve the ecological environment
as sponges. As the Guidance of General Office of the State Council on promoting the water conservancy
work in Sponge City construction defines (No. 75 [2015] issued by General Office of the State Council),
Sponge City is a city development model with natural accumulation, infiltration, and purification.
By strengthening urban planning and construction management, it effectively controls rainwater
runoff and gives full play to the construction, roads, green spaces, water systems and other ecosystems
on absorption, storage-infiltration and slow release effect to rain. In this paper, we take the concept
of Sponge City proposed by the State Council of China’s highest government agency as the research
object, and further put forward our own understanding.

Therefore, sponge city should have at least the following three aspects of meaning: first and
foremost, from the perspective of water resources utilization, urban planning and construction must
conform to the laws of nature. By constructing water-saving urban underlying surfaces, the urban
rainfall can be accumulated, purified, reused, or recharged to groundwater. Second, from the
perspective of flood control and disaster reduction, the city can live in harmony with rain and flood.
Measures will be taken to minimize the risk of floods, reduce disaster losses, and recover production
and life rapidly. Third, from the perspective of ecological environment, the city should be placed
in nature, establish scientific development, and make residents “clear and lush”. In other words,
“Sponge City” should be able to cope with different return periods of rainfall to prevent flood disasters,
rationally use rainwater, and maintain a good hydrological and ecological environment. Sponge city
construction should adopt corresponding engineering and non-engineering measures according to the
rainfall return periods at residential, regional and basin levels, so as to realize scientific management
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and use of different scales of rainwater. Since sponge city mainly deals with rainfall in different return
periods, the technical framework is shown in Figure 1.
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Figure 1. Diagram of sponge city construction system.

2.2. Characteristics of Sponge City Construction

In sponge city construction, water cycle regulation is the foundation and the framework gives

full play to the function of storage, diversion and regulating of urban rainwater pipe network
and river system. The work should be carried out according to local hydrological, geological,
geographic, economic, and social conditions. Therefore, the sponge city construction has the

following characteristics:

@

@

©)

*)

©)

Multi-scales. The sponge city construction needs to be carried out on community scale, drainage
scale, city scale and watershed scale so that urban rainfall and flood can be dealt with from
multi-scales, and urban water cycle is regulated well.

Wide rainfall reappearing period. Sponge city construction needs to deal with the rainfall and
flood in rainfall return period from small to large, including the rainfall and flood events that
exceed the standard of the project [8].

Versatility. Sponge city construction has the function of preventing urban floods and relieving
urban flood disaster, and also has the function of reducing rainfall and runoff pollution and
improving water ecological environment. It also has the function of increasing the available water
resources by direct or indirect use [9].

Systematisms. Sponge city construction is a systematic project involving water conservancy,
architecture, gardens, landscapes, municipalities, and planning, etc. The project requires
professional and technical personnel to plan, design, construct, operate, and maintain the
engineering facilities, as well as to supervise, organize and coordinate the various departments.
Long-term nature. Sponge city is a beautiful vision not built overnight. It needs more than ten
years or even decades of continuous construction and management.

2.3. Path of Sponge City Construction

As a systematic project, sponge city construction has the following procedures:
First, protect the city’s original ecosystem. In the process of urban construction and development,

maximize the protection of the original rivers, lakes, wetlands, ponds, ditches and other “sponges”.
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Leave enough water and maintain the natural hydrological characteristics of forest, grassland, lakes
and wetlands in the process of an urban development faced with intensive precipitation [10].

Second, do ecological restoration and repair work. For damaged waters and other natural
environments, use ecological means to recover and repair, maintain a certain proportion of ecological
space, and then build a water ecological infrastructure through systematic scientific methods.

Third, implement the concept of low impact development. According to the development and
construction concept of the minimum impact on the urban ecological environment, control the intensity
of development reasonably to minimize destruction of the original urban water ecological environment,
such as retaining sufficient ecological land and controlling the proportion of urban impermeable surface
areas. According to the needs, we should properly excavate rivers, lakes, and ditches, increase the
water area, promote the accumulation of rainwater, infiltrate and purify, and improve the size and
quality of the urban “sponge”.

Fourth, strengthen the comprehensive utilization and management of urban rain and flood
resources. Regulate comprehensively and manage the surface runoff generated by urban precipitation
and rain flood in pipe networks and rivers. Under the premise of ensuring the safety, utilize rainwater
and control pollution, establish a flood disaster risk management system as well as personal hedging
and disaster prevention and mitigation for buildings and other adaptive measures system.

Since the core issue of sponge city construction is the management of urban rainwater and
the prevention of floods, this article will specifically introduce the current situation of rainwater
management and flood control in Beijing.

3. Rainwater Management and Flood Control in Beijing

3.1. Progress of Rainwater Management Research and Practice

The technical research and practice of urban rainwater in Beijing has experienced three stages,
namely the direct discharge of rainwater, the combination of discharge and harvesting, and system’s
management (Figure 2) [11]. Before 2000, the urban rainwater in Beijing was directly discharged,
and a rainwater drainage system was built, including community rainwater pipe networks, municipal
rainwater pipe networks, and drainage channels. In the early 1990s, due to the severe situation of
water shortage, Beijing launched the National Natural Science Fund project: “one of the key issues
of water resources development and utilization in Beijing is rain flood utilization research”. At this
time the concept of urban rain and flood utilization was put forward. Research is now complete,
but due to various conditions, there were no exemplary applications. At the beginning of the year
2000, with the support of the Sino-German International Cooperation Project and the Beijing Major
Science and Technology Project, the project “Beijing Rainwater Flood Control and Utilization Research
and Demonstration” was launched, and the first batch of urban rainwater control and utilization
demonstration projects in China completed. Now, Beijing urban flood management has entered
the stage of “combination of discharge and harvesting”. As the first city in China to carry out
research and application of urban rain flood utilization, the “combination of discharge and harvesting”
of urban rainwater in Beijing has gone through four stages: exploration (1989-2000), research
and demonstration (2000-2005), integration and initial promotion (2006-2012), and comprehensive
promotion (2012-present). At the present stage of development, the main task is to improve the relevant
policies and measures to further strengthen the mandatory use of urban rainwater. In the whole city’s
perspective, urban rainwater utilization will be comprehensively and profoundly promoted.

With the continuous improvement of the urban sewage treatment rate in Beijing, the problem
of urban rainfall runoff pollution has become increasingly prominent. The effect of reducing and
controlling the non-point source pollution of rain flood control and utilization measures is recognized
and valued. In recent years, frequent urban rainstorms have led to waterlogging disasters, which have
become the focus of attention of governments at all levels and the whole society in general. As an
important measure for resource utilization and flood control, the effective use of urban rainwater
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is critical. Therefore, in order to solve the water resource problems faced by urban development,
such as rainwater runoff pollution, urban floods, and water shortages, Beijing began to explore how
to effectively reduce water pollution, floods etc., as well as the pattern in which the upstream and
downstream and hydrological process was systematically managed. In other words, Beijing’s rainwater
management began to enter the “system management” phase, which is in line with the concept of
“sponge city” construction.

I T T I

Stage 1 Stage 2 Stage 3
Direct Direct Integrated Stormwater Management I
discharge | discharge + 2
| I harvesting I - [——————‘—‘.—‘—‘—‘—- I
I I I Water k Urban Drainage i |
A Safi h
| || Discharge || — i (Witeroggng Comea] |
Water 1 Stormwater
| I | Env1ronmem1_. { Utilization I
| I 1::-:-:1;:::; I { Low Impact I
| I ----------—I Water b Development i I
TResauneHs i [ Non-point Source E
| I I Pollution Control H I
] ) e e e T e el

Figure 2. Diagram of Beijing urban rainwater management development.

The total amount of rainwater utilization in Beijing has been increasing steadily and the number
of new projects each year increased from 129 in 2010 to about 169 in 2016. Comprehensive rainwater
utilization capacity increased from 3300 million m3 in 2010 to 4962 million m? in 2016. And the
collection and utilization provided an important source of water for the lake and river environment,
green land irrigation, car washing, and groundwater recharging etc. [12].

3.2. Status of Rainwater Management Technology

In addition to traditional drainage technology, rainwater management technology in Beijing
is mainly embodied in rain flood control and utilization. After more than ten years of
research, demonstration and application, Beijing has initially built a five-in-one roof green
land-drainage-network and urban rainwater control system, which has been initially applied in
residential, regional, and many other levels to reduce non-point source pollution and increase water
infiltration [13]. Some technical measures have also been incorporated into the International Low
Impact Development (LID) and have gradually become ecological and easy to use. Rain flood control
and utilization at the residential level is organized into different blocks divided by urban roads.
It includes mainly the basic measures for rainwater infiltration, collection and reuse, and discharge
regulation [14]. Rainwater infiltration is a method allowing rainwater to penetrate underground
through green spaces, permeable surfaces, and special infiltration facilities. Collect and reuse rainwater
from roofs, roads, courtyards, plazas, and other undersides, irrigating green areas, flushing, car
washing, landscape water supply, and road spraying, etc. Discharge regulations use storage facilities
such as storage tanks, control facilities like flow control wells, and overflow weirs to keep rainwater in
place in the pipeline and storage facilities in the appropriate position before rain is discharged from the
area, then discharging rainwater to the downstream according to the flow controlled. In further research
and application of urban flood control and utilization technologies, some new international ideas
and technologies are gradually introduced and applied, such as best management practices (BMPs),
low impact development (LID), and water-sensitive urban design (WSUD) and so on. A number
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of technologies that blend with the environment are formed, such as rain gardens, rain raised roof
greening, road biological detention tank, dry pond, and wet pond, etc.

Rain flood control and utilization on a regional level is in municipal rainwater pipelines and
river systems at all levels outside the city blocks. Since rainwater on the ground is discharged into
municipal rainwater pipelines directly, runoff reduction and pollution control measures at the source
of the residential rain flood control and utilization are often preferred, such as rainwater clean drainage
and utilization technology in urban motor vehicle lanes. For rainwater in municipal pipelines and river
systems, the following techniques can be adopted: separation and disposal of pollutants in municipal
rainwater pipelines, rainwater storage technology in municipal pipelines, wetland regulation and
purification technology before rainwater is discharged into river, regulation and utilization technology
of rainwater in the public green lands along the river, rainwater infiltration increasing technology,
utilization of sand and gravel pit to store and utilize rainwater in rivers, or real-time optimal operation
and utilization of rainwater in urban rivers and lakes.

3.3. Status of Rainwater Management Policy

There are no special regulations on rainwater management in Beijing at present. Local regulations
set by the operation of law can provide some guidance for urban rainwater management policies, such
as “Water Resources Management Ordinance in Beijing”, “Approach to Implement the Water Law of

7

the People’s Republic of China in Beijing”, “ Approach to Implement the Flood Prevention Law of the
People’s Republic of China in Beijing”, “Approach to Save Water in Beijing”, “Regulation of Drainage
and Recycled Water Management in Beijing”, and “Regulation of Soil and Water Conservation in
Beijing”. Particularly, “Regulation of Soil and Water Conservation in Beijing” issued by Beijing in
2015 put forward specific demands of rain control and utilization for all types of production and
construction projects.

The Beijing Municipal Government has issued a series of official documents on the use of
rainwater, such as the “Interim Provisions on Strengthening the Use of Rainwater Resources for
Construction Lands” in March 2003; the “Beijing Water Conservation Measures” in October 2005;
the “Key Points for Rainwater Control and Utilization of New and Reconstructed Projects (Temporary)”
in August 2012; the “Notice on Printing and Distributing the Opinions on Further Strengthening
Urban Rain and Flood Control and Utilization Opinions in August 2013, etc., which put forward the
requirements for rainwater utilization or rain flood control and utilization, and promote urban rain
flood management vigorously. In particular, a water impact assessment system of construction projects
implemented in December 2013 made rainwater control and utilization indexes, which included
layout and typical designs that corresponded to measures intended to uphold water and soil
conservation schemes such as “Permeability rate of hardened ground”, “Sunken rate of green
lands”, “storage modulus”, “Permeability rate of hardened ground in pavements”, and “permeable
rate of side ditches”. “The analysis and calculation of the influence of rainwater exclusion”,
“the analysis and calculation of waterlogging”, “the evaluation of the rainwater exclusion influence”
and “the evaluation of waterlogging influence” were listed in contents of reviewing flood impact
assessments. Each contribute to the feasibility of sponge city construction.

From “The Comprehensive Planning of Water Resources Utilization in Capital in the Early
21st Century” approved by the State Council, Beijing has formulated the following documents:
“Eleventh Five-Year Special Planning for Rain Flood Utilization of Beijing Water Affair Development
Planning”, “12th Five-Year Rainwater and Recycled Water Use Planning in Beijing” and four other
municipal plans on urban rainwater utilization. There are also thirteen rainwater utilization planning
documents for the district, county or regional level such as “Special Planning of Rain Flood Utilization
on Beijing Economic and Technological Development Zone”, “The Planning of Rainwater Utilization
in the Central Area of the Olympic Park”, “11th Five-Year Special Plan of Rainwater Utilization in
Fengtai District”, a series of local standards such as “Standard of Roof Greening (DB11/T281-2005)",
“Content and Depth of Landscape Design Documents (DB11/T 335-2006)”, “Technical Standard of

7
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Urban Rainwater Utilization Engineering (DB11/T685-2009)”, “Rules for Construction and Acceptance
of Grounds with Permeable Bricks (DB11/T686-2009)”, “Standard for Calculation of Storm Runoff
on Urban Rainwater System Planning and Design (DB11/T969-2013)”, “Design Code of Rainwater
Control and Utilization Engineering (DB11/T685-2013)”, and ten enterprise, industry or association
standards such as “Sand Permeable Brick”, and “Blocks with Silica Sand Well”, and “Technical Rules

for Silica Sand Rainwater Utilization Engineering”.

3.4. Flood Preventive Measures

Beijing still lacks specialized prevention and control projects for urban waterlogging caused by the
inadequate drainage capacity of storm sewers. However, the urban lakes in Beijing can retard and store
the rain, which plays an important role in controlling waterlogging. Before liberation, there are many
depressions and lakes that retard and store the rain in the urban water system of Beijing downtown,
most of which are buried in the process of urban construction. According to statistics, the area of
rivers and lakes buried reached 71.84 km?. According to “Beijing Basic Data Handbook for Safe Flood
Season” (2009), the area of urban rivers and lakes at present is 621.59 km?. The total maximum capacity
is 114.501 million m?3, and the total normal water storage capacity is 9,861,800 m?3, of which the effective
water storage capacity is 1,677,300 m3. At the same time, there are 355.8 kilometers of drainage rivers
in the urban area. However, due to demolition and land acquisition, some rivers cannot be managed
as planned.

3.4.1. Facilities for Drainage and Preventing Waterlogging

Drainage facilities includes sewage treatment plants (reclaimed water plants), network facilities,
and pumping stations, etc. According to the results of the first water affair census in Beijing
“Water Drainage Survey Results”, there are 1108 sewage treatment plants in Beijing, of which
58 sewage treatment plants in the central urban area (including the new city) have a designed
sewage treatment capacity of 3.735 million m®/d. The total length of the public drainage network
in Beijing is 11,619.88 kilometers. The rainwater pipe network is 4230.20 kilometers long, including
683.53 kilometers of integrated sewer network. Moreover, there are 167 drainage pump stations,
including 133 public rain water pump stations.

3.4.2. Flood Prevention Projects

First of all, the city must have a system of flood prevention engineering for security. Beijing has
a good system of flood prevention projects, including reservoirs, rivers, dikes, and flood detention
areas, etc. There are 84 reservoirs in Beijing with a total capacity of 9.35 billion m3, 210 locks on the
river with the total water storage capacity of 80~100 million m3, 256 small reservoirs with the total
capacity of 8.3 million m%, and 65 inflatable rubber dams with the total storage capacity of 70 million
m3. In the right bank of the Yongding River, a flood detention area—the Xiaoging river flood diversion
area—was built. Meanwhile, there are dikes of main rivers with the length of 429 km, the flood
prevention standard is 20 to 50 years. The flood control standard of the Yongding River to the left bank
of the Lugou Bridge is the maximum possible flood, which usually occurs during a perennial period.

3.4.3. Flood Hazard Mapping and Risk Management

The flood risk map is an important basis for “flood risk management”. It is of great significance in
regulating land use, formulating watershed or regional flood control plans, deploying non-engineering
measures and engineering measures for flood control and disaster mitigation, and raising awareness
of flood control and disaster mitigation among citizens. Therefore, the mapping of risk maps from
“flood prevention” to “flood management” is an important basis and support for establishing risk
management systems and developing flood risk management. At present, there are many studies on
flood risk maps of basins in Beijing, but the flood hazard map system for an urban flood has not been
fully established, especially for the waterlogging risk.
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3.4.4. Non-Engineering Measures Based on Resilience

The non-engineering measures for flood control and disaster mitigation mainly include daily
management and emergency response capabilities. For daily management, key measures mainly
include strengthening public emergency management education, establishing an emergency response
system that is led by the government, involving the whole society, public welfare and market-oriented
enterprises; establishing a concept of flood coexistence and strengthening floods risk management
concept; improving flood risk management processes, reducing the vulnerability of social and
natural ecosystems, bearing risks, and standardizing and restricting the development, utilization
and protection of flood risk zones based on flood disaster maps. Furthermore, it is also necessary to
improve the ability of society to resist disasters and reduce disasters, strengthen social mobilization
capacity, build with complementary strengths and positive interactions with social functions, give full
play to the role of the market, society and citizens in flood control and disaster mitigation, adopt
distributed data atlas, network communication, training and other measures to improve people’s
awareness of disaster prevention and mitigation, self-rescue ability, mutual assistance and crisis
rational behavior.

In terms of emergency capacity building, it is essential to improve the real-time flood monitoring
system, information sharing system, and flood disaster investigation and correction system, as well as
dynamic early warning and forecasting, information release and dispatching systems to strengthen the
collaboration and response speed between departments. In short, the timely release of waterlogging
warning and emergency response information, in-depth and sustained emergency training and drills,
attention to the particularity and operability of emergency drills, and specifying corresponding
operational mechanisms before, during and after the event play effective guiding role in the
emergency plan.

3.4.5. Emergency Response Mechanism

In 2013, Beijing established the “1 + 7 + 5 + 16” flood control system, namely the Beijing
Municipal People’s Government Flood Control and Drought Relief Headquarters, which established
7 special branches of propaganda, housing and construction, road traffic, urban underground pipelines,
geological disasters, scenic spots and comprehensive support, 5 basin and 16 district-level flood control
headquarters. During flood season, the command mechanism plays an important role and each
sub-headquarters can perform respective tasks to effectively reduce the influence of rainstorm on
social order and the production and life of residents [15].

The meteorological department monitors severe weather such as heavy rain, hail, strong winds,
and thunder. The land department monitors areas threatened by geological disasters. The water
department monitors the safe operation of flood control projects such as reservoirs, rivers, dams,
and lakes, as well as precipitation data and hydrological information. Through the monitoring
information, the city’s flood control and drought relief headquarters, all branches, districts, counties,
and units will conduct timely consultations to analyze the situation of flood, determine the possibility,
scope, damage and impact of flood disasters, and then implement prevention measures and inform the
relevant units of the results in a timely manner. According to the “Beijing Flood Control Emergency
Plan (2014 Revision)”, the Beijing flood warning response can be divided into three categories:
rainstorm early warning response, geological hazard meteorological risk early warning, and flood
early warning response. According to the severity and scope, it can be divided into IV, III, II, and I from
low to high. After consultation with the municipal meteorological department, the land department,
the hydrological department and the urban flood control office, the above-mentioned water level
warnings are issued, changed, and deleted in blue, yellow, orange and red, respectively.

Above all, the core of sponge city construction is the scientific management of urban rainwater.
When it rains, it can absorb water, store water, seepage water and clean water. When water is needed,
the stored water can be “released” and used. At the same time, to ensure the safety of flood control in
cities with large return period rainfall, and to minimize disasters when encountering super-standard
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storm floods. This part analyzes the construction of China’s sponge city from the aspects of rainwater
management research and practice progress, technology and policy status, and flood control measures.
Although China has developed in areas such as policy, law, technology, human resources, industry,
and investment mechanisms, it is still in the stage of germination and promotion, facing greater
challenges. For example, the national norms and standards system is still not perfect; multiple
departments fail to achieve unified and coordinated management, multi-disciplinary integration is
difficult, and the talent team and industrial system gap is large.

4. The Vision of Sponge City Construction in Beijing

As the first city to adopt storm rain control and utilization measures, Beijing should innovate and
lead the construction of sponge cities, breaking through the original ideas of urban rain flood control
and utilization. The construction of sponge cities from multi-scale and multi-return period to manage
rainfall runoff and prevent disasters has made Beijing a truly livable ecological sponge city with no
fear of the storm, no flood, clear water, and green embankments. Therefore, the goal of the sponge city
should be diversified and the measures should be more comprehensive and feasible.

There is a need to coordinate the relationship between sponge facilities, roads, green spaces,
and water systems in the construction area, and formulate specific and feasible management measures.
Therefore, in order to ensure the comprehensive benefits of the sponge city facilities, the sponge
city construction requirements of the construction area, the new district, the park and the film
district should be fully met. When the construction area of the newly built area exceeds 2000 square
meters, the rainwater storage capacity in the hardened area shall not be less than 30 cubic meters
per thousand square meters. There should be at least 50% sunken green space for stranding rain of
green lands. The permeable pavement rate should be no less than 70% in buildings and residential
areas, public parking lots, sidewalks, pedestrian streets, bike lanes and leisure squares, and outdoor
courtyards. The old city should be combined with shanty towns, dilapidated buildings, and old
districts to promote the city’s overall management. For roads and squares, use permeable pavements
in non-motorized vehicles roads and sidewalks of the newly built and converted roads should be
incorporated. Permeable pavements are gradually promoted to use in squares and parking lots.
Roads can make use of green belts to strand rainwater. Rain gardens, sunken green space, constructed
wetlands or other ways can be used in parks and green lands to enhance the function of the sponge in
the park and green land system, store rain in this and the surrounding region and purify rainwater
quality. For the rivers and lakes system, strengthen the protection and restoration of natural forms such
as ponds, rivers and lakes, and wetlands, maintain the connectivity of rivers and lakes natural water
system, build a good urban water circulation system, and gradually improve the water quality and
water environment. It is also necessary to recover deep pools, shoals and flood plains with ecological
restoration to create a diverse living environment.

It is important to reflect upon and implement the concept of sponge city construction fully,
and regard the volume capture ratio of annual rainfall as a rigid control index in compiling an overall
plan, a regulatory detailed plan, and a municipal plan about roads, green lands, and water etc.

It is necessary to comprehensively consider the layout and space requirements of sponge
facilities and scientifically delineate the urban blue line and urban watershed; sort out relevant urban
construction standards and norms; propose and highlight the key content and technical requirements of
sponge city construction; accelerate the preparation of Beijing sponge city construction plan, technical
guide, and standard drawings.

One must establish a cooperation mechanism between government and social capital risk
sharing and revenue sharing; encourage social capital to participate in the construction and operation
management of a sponge city through business income rights, government procurement services,
and financial subsidies, etc.; increase the investment in research and development of sponge city
technology; support the innovation and application of new materials, new processes and new methods,
the rational construction of sponge cities, and then provide scientific and technological support for
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the industrialization of sponge city construction and economic growth. At the same time, strengthen
the construction of sponge city construction, create a good atmosphere for the construction of sponge
cities, and then promote the broad support and active participation of the whole society.

5. Conclusions

Although in the construction of the sponge city Beijing made use of good theory and technology,
engineering practices, management policies, technical standards and an industrial basis and has made
some achievements, Beijing still has a long way to go to achieve its goal of building a harmonious
and livable sponge capital. The main problems are as follows: Firstly, the urban flood hazard and
water supply security situation are still grim; secondly, the contradiction between supply and demand
of water resources is still very serious, and there is no fundamental solution to the problem of water
shortage; thirdly, improving the water environment is more urgent; fourthly, the function of water
ecological services is increasingly important. Therefore, we should establish a priority water-saving,
space-balanced governance system, and comprehensively develop the construction of sponge cities.
Under the background of the coordinated development of Beijing, Tianjin and Hebei, Beijing will
become a world-class city with harmonious Chinese characteristics, ecology, and livability.
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Abstract: The sizing of the stormwater reservoir, as the design of its properties, usually requires
simulations of a basin runoff for a long rainfall series using a hydrodynamic model. In the case of
insufficient observations, the rainfall series can be reproduced using empirical approaches. One of
the crucial elements in the sizing of the stormwater reservoir is determination of duration time
and intensity of rainfall (design rainfall event), for which the maximum reservoir capacity is being
obtained. The outcome is, however, affected by significant uncertainty of runoff modeling. The aim
of the study is to analyze the effect of the uncertainty of a rainfall-runoff model on calculated
capacities of stormwater reservoirs, along with estimated duration times of the design rainfall.
The characteristics of the rainfall events—intensity, duration, and frequency—were reproduced using
an empirical approach of IDF (Intensity-Duration—-Frequency). The basin response to the precipitation
was modeled using the SWMM (Storm Water Management Model) and its uncertainty was estimated
on the basis of the GLUE (Generalized Likelihood Uncertainty Estimation) method. The obtained
probabilistic solution was compared with the deterministic one, neglecting the uncertainty. Duration
times of the design rainfall determined in respect of the reservoir outflow using the probabilistic
model were longer than those found with a deterministic approach. This has an effect on the desired
capacities of the stormwater reservoir, which were overestimated when uncertainty was neglected.

Keywords: stormwater reservoir; Generalized Likelihood Uncertainty Estimation (GLUE); design
rainfall event; Storm Water Management Model (SWMM)

1. Introduction

Intensive precipitation might result in inflows exceeding the capacity of stormwater drainage,
causing flooding and releases of stormwater to the recipient (i.e., river). One of the possible solutions
is attenuating stormwater discharges with storage reservoirs, built within sewer systems. The problem
of designing these structures have attracted many researchers [1,2]. Their main focus are methods for
finding the required reservoir capacity, ensuring proper reduction of flood flows. The problem can be
also stated in respect of desired reduction of pollutant load in stormwaters [3].

The storage reservoirs are usually designed to operate as overflow reservoirs. Their main
advantage is maintaining a constant outflow [4-6]. Many theoretical studies were devoted to
methodology of designing this type of the reservoir [7-10]. Its capacity is usually determined
for so-called design rainfall. Its duration is found to maximize required reservoir capacity, that
allows for maintenance of the desired outflow [11]. The determination of the design rainfall duration
is usually done on the basis of many simplifications to the runoff model and description of the
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stochasticity of the rain events. In practice, it is done using nomograms of the rainfall duration
and required reservoir capacity, elaborated for the given physio-geographic properties of the basin,
drainage standards, and outflow devices [4,6,11]. Capacities obtained in such a graphical approach
are considered to be affected with high uncertainty, because of very rough parametrization of the
basin. A more detailed representation of the basin response to the rainfall can be obtained using
hydrodynamic modeling [7,12-14]. In such an approach, reservoir capacities are calculated on the
basis of so-called continuous simulations [2,7,12], where the input consists of long precipitation time
series (around 30 years long). In the case where an observation period is significantly shorter than
30 years, available time series can be used to develop a synthetic precipitation generator that allows
for extension of the series length artificially [15,16]. Recently, multidimensional probability density
distributions parametrized with copula functions [17,18] are gaining popularity for precipitation
generators, allowing high resolution of simulated time series to be obtained (below 5 min). In such
an approach, in a precipitation time series, rainfall events are identified and then parametrized in
a sense of height and duration, assuming usually the rectangular shape of the precipitation graph.
On the basis of empirical distributions of these precipitation parameters, two dimensional functionals
are being developed, which can be used in precipitation simulations. In other approaches, the
dependency between the precipitation and duration is explained using the correlation coefficient, and
then the rainfall events can be generated using the Iman-Conover method [19]. In many successful
studies, duration and the rainfall height were considered as independent variables. One of the most
sophisticated methods for a rainfall model includes canonical microsaccades, based on the fractal
theory [12].

In practical studies, usually there is a lack of observed time series. The design rainfall can be
determined using regional precipitation models, which on the basis of empirical relationships allows
for estimation of its height for the given duration and occurrence frequency [20,21]. The approach
takes a form of so-called Intensity—Duration-Frequency (IDF) curves and can be also used for a rainfall
generator. Because the observation series of precipitation are rare in engineering applications, IDF
approach is often used for the design of hydraulic structures in sewer systems [8,22].

Runoff models used in the design of the storage reservoirs are affected with strong
uncertainty [23-26]. Surprisingly, its effect on the design of sewer system devices is, however, rarely
analyzed. Kiczko et al. [27] showed that it significantly affects the determined capacities of the storage
reservoir. This study included the design of the stormwater reservoir for a single rainfall event, using
SWMM model. The model uncertainty was estimated using the well-known hydrology method of
Generalized Likelihood Uncertainty Estimation (GLUE) [28]. However, the study focused on a single
event, and did not address the problem of dependency of the design uncertainty on precipitation
height and duration (in a result, the rainfall probability).

The aim of the present study was to develop a general method for the design of a stormwater
reservoir in respect to the runoff model uncertainty, using the IDF approach for the design rainfall.
It analyzes the effect of the model uncertainty for different probabilities of the design rain and shows
its significance on the determination of duration times for the rainfall event that maximizes the
reservoir capacity. As in the previous study, model uncertainty was assessed using the GLUE approach.
Reservoir capacities obtained in respect of the model uncertainty were compared with those calculated
neglecting it. The study utilizes IDF curves developed for Poland.

2. Materials and Methods

2.1. Object of Study

The analyzed catchment is located in the central-eastern part of Kielce and its area is 62 ha
(Figure 1). The total area of the City Kielce is 109 km?, with the population reaching 200,000 (density
21.4 people/ha). The highest point of the catchment is 271.20 m above sea level and the lowest one
is 260 m above sea level. The total length of the sewer network is 5583 m, of which the main canal
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is 1569 m long and its diameter from top to outlet varies between 600-1250 mm. The main channel
receives rainwater from 17 side channels, whose diameters vary in the range of 300-1000 mm. The total
volume of pipes with stormwater wells is 2032 m3. The drop of the collector in individual sections
varies from 0.04% to 3.90%, while the drop of side channels is 2.61% maximum. The area is covered
with housing estates, public utility buildings, as well as main and side streets. The catchment contains
6 types of runoff areas: roofs (14.3%), pavements (8.4%), roads (17.7%), parking lots (11.2%), greenery
(47.2%), and school pitches (1.3%). Road density in the basin is about 108 m/ha. More detailed data
concerning the characteristics of the catchment are described by Dabkowski et al. [29].

According to the DWA A-117 (2006) method, the annual number of rainfall events in the
observation period (2008-2016) was around 36-58. The total rainfall height and its duration were
varying in ranges of 3.0-45.2 mm and 20-2366 min, respectively. The duration of rainless periods was
from 0.16 to 60 days. Annual precipitation heights in the observation period were changing between
537-757 mm, with rainfall days 155-266. The annual air temperature was 8.1-9.6 °C and the number
of days with snowfall 36-84.

A stormwater treatment plant (STP) is located on the outflow from the catchment. At a distance
of approximately 4.0 m from the distribution chamber (DC), an ultrasonic flow meter MES] is installed
in channel S1. The MES1 ultrasonic flow meter measures the filling and flow of stormwater in a 1-min
step. Obtained time series of the discharge (MES1 point in Figure 1) were used for the identification of
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Figure 1. Location of the analyzed catchment and model diagram in Storm Water Management Model
(SWMM) software.

The catchment, considered in operation, has already been the subject of numerous studies, in
which surface runoff, stormwater quality, storm overflow, and stormwater treatment plant operation
were modelled [3,16]. As part of these analyses, the model was calibrated using the trial and error
method, where a set of parameters determining satisfactory results of calculations was searched for.

2.2. Methodology

In the absence of continuous, long-term rainfall data, the storage reservoir capacity is determined
on the basis of the calculated rainfall frequency (C =1, 2, 5, 10), using the category of drainage
standard [11,30]. The calculation diagram of the developed method is presented in Figure 2.
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Figure 2. Calculation diagram of the method of dimensioning the retention capacity (where
I(t,C, t;)—reservoir inflow hydrograph for given rain duration time (f,) and occurrence probability
C, m =1, 2 3, ..., N—subsequent Monte Carlo simulations with varying parameters
[oc,d,»,,,r,, Aperv, Nimp, Npero, Mn, 7, Bl, for which reservoir inflow hydrograph is compute,
Qout,max—maximal allowed outflow form the reservoir, V(C),,,,,—maximal reservoir retention capacity

for given values of C and Qout,max)-

The computational data adopted in the study include the physical and geographical characteristics
of the catchment and rainfall and flow measurements used to calibrate the hydrodynamic model.
In order to determine the storage capacity of the reservoir, it is necessary to transform the calculated
rainfall depth values with Equation (3) in the outflow values. In order to take into account the
uncertainty of the catchment model, the Monte Carlo method is used to simulate the model parameters
for the assumed ranges of their variability. Then, on the basis of measurements, the identification of
distributions of analyzed parameters is performed with the GLUE method [31]. In this way the basin
outflow hydrograph is determined, and using the balance of Equation (7), the reservoir capacity is
calculated. In order to determine the maximum capacity of the reservoir for the assumed standard
of drainage (C) and assumed outflow (Qout,max), it is necessary to perform calculations for different
(m) rainfall duration (#,) in order to determine the extremum of variability of V = f(C, t;, Qout,max)
and to determine the duration of the determining rain, where V — max{(C, t,4, Qout,max)} (Where:
t,;—design rainfall event). The values of the outflow from the retention reservoir (Qout,max) and the
determined accumulation capacities V(C),,,,, were normalized by reference of the above variables to
the impermeable area of the catchment (F;;;,) and determination of the unit capacity index (V) and

unit outflow (g).
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2.3. Dimensioning the Retention Reservoir

A review of the literature [5-7,27] shows that the most common task of the retention reservoir
in the stormwater system is to reduce the maximum flow at the outflow from the catchment and
to improve the quality of the stormwater. At the reservoir design stage it is necessary to meet the
condition that for the assumed return period at a given time period of rainfall (assumed repeatability
of rainfall over a given period of time) and at its maximum filling H = Hy;ay, the outflow value
Qout < Qoutmax (design flow) does not lead to overloading of the stormwater treatment plant.
Exceeding the Hy;qx value leads to an increase in outflow from the reservoir (Qout > Qout,max) and
discharges with emergency overflow (OV, Figure 2). Therefore, the determination of the reservoir
capacity is limited to the determination of the combination of P,y and t, values, for which the desired

capacity reaches the maximum value.

2.4. Uncertainty Analysis by the GLUE Method

Uncertainty analysis was performed using a method popular in hydrology: Generalized
Likelihood Uncertainty Estimation (GLUE) [28,31]. It is based on the probabilistic formulation of the
parameter identification problem, where instead of a single parameter set, as in the deterministic
approach, a distribution of parameters is estimated. The uncertainty is modeled by the parameter
variability. Because the output distribution is conditioned with the observations, a total model
uncertainty is obtained. The method uses the Bayes formula:

L(Q/©)-P(0)

P(Q/®) = [L(Q/®)-P(@)d(®) ;

where P(®) denotes a priori parameter distribution, L(Q/®) likelihood function, and P(Q/®) the a
posteriori distribution, as the result of the parameter identification. In practical cases, the assumption
on the a priori distribution is weak and usually takes a form of the uniform distribution limited to the
parameter physical variability. Therefore, the choice of the likelihood function is crucial. In the present
study the following function was used [32]:

@

K02

A2
L(Q/®) =exp |:23V1(Q’Q’)}

with Q; and Q; standing for modeled and observed discharge in the time step i, o7 the variance of the
model residua, «x the factor used to control the variance of the a posteriori distribution. The value of the
x factor was estimated in order to maximize the likelihood of the observations in the output discharge
distribution, ensuring that 95% of observation points were enclosed by 95% confidence intervals.
For the Q; flow rates measured with the ultrasonic flow meter, MES1 (at S1, Figure 1) were used.

2.5. Rainfall Depth

In engineering practice, IDF curves are widely used in the dimensioning of sewer systems and
design of objects located on it (overflows, reservoirs, etc.) [4,8,14,22]. These curves describe the relation
between the duration of rainfall (¢,) and the frequency of its occurrence (C), which can be generally
written with the relation:

J=f(t,C.¢) ®G)

in which {—regional parameter differentiating the variability of the obtained curves, [ —mean rain
intensity in dm3~(ha~s)71, expressed as | = 166.7-Pyax.

Due to a number of conditions, such as the genesis of rainfall, climatic conditions, land use, the
length of rainfall measurements, etc., the relationships described by Equation (1) may take different
forms [20,33,34]. Taking into account the above remarks and the climate conditions in Poland, which
was reflected in a series of works [20,35] aimed at developing empirical rainfall models, the formula

173



Water 2019, 11, 321

of Bogdanowicz and Stachy [32] was used in the analyses to determine the maximum rainfall depth
(Pyax) for the assumed precipitation frequency:

Prax = l.42-t9-33 + &R, tr).(ilnp)0,584 @

where t,—duration of rain (min), p—probability of rainfall exceeding (p = 1/C), (R, t,)—regional
parameter determined depending on the location and duration of rainfall.

The above relationship was developed on the basis of 60 years of precipitation measurements in
Poland and is now used in engineering practice [4,5]. For the region covered by the research, i.e., the
Swigtokrzyskie Voivodship and the city of Kielce, the values of parameter & are determined on the
basis of equations:

E(Roty < 120 min) = 4.693-In(t, +1) — 1.249 )

E(Roty < 1080 min) = 2.223-In(t, + 1) + 10.639 6)

In further considerations at the stage of reservoir dimensioning for C = 2, 5, 10, the rainfall
duration was considered in the range of t, = 15-240 min [9]. The results for C = 1 were omitted in
the analyses, as they lead to an underestimation of reservoir sizes, which was reported in various
studies [4,5,9].

2.6. Surface Runoff Modelling

One of the factors determining the capacity of the reservoir and the type of drains designed is the
outflow from the catchment. This outflow is the result of the runoff on the surface of the catchment
area, and then of the flow of stormwater through the sewer system. In this paper, the SWMM model
was used to simulate the drain from the catchment. This model is used commonly to simulate the
quantity and quality of stormwater and the phenomenon of rainfall-runoff is modelled in it, taking
into account non-linear reservoirs, where infiltration and surface runoff are simulated [36].

Due to the complex process of wastewater accumulation in the overflow reservoir, requiring
large calculation outlays in the SWMM model, a simplified model for the reservoir was used in the
conducted analyses [5,6,9]. In this model, the overflow reservoir capacity can be determined on the
basis of the differential equation of the wastewater volume balance of the form:

—=5—"= I(t) - Q(t)uut (7)

av(t) . dH(t)
dt dt

where S—surface area of the reservoir in the projection, H(t)—reservoir depth, I(t)—inflow to the
reservoir determined on the basis of SWMM simulations, Q(t)
negligible error that can be assumed to be constant [36].

our—outflow from the reservoir, with

3. Results

On the basis of SWMM model calculation results and literature data, the ranges of variability
of individual model parameters were determined (Table 1). Due to strong interactions between the
calibrated parameters and their significant influence on the results of surface runoff calculations, the
following modification coefficients were introduced at the calculation stage: coefficient (c) for the flow
path of width (W), coefficients (d;yp; dpero) for the retention depth of impervious and pervious areas,
coefficients (11;;,p; 11pero) of roughness of impervious and pervious areas, coefficients (11,) of roughness
of sewer, coefficient (7) for the share of impervious areas (Imp;) in the whole catchment area, coefficient
(B) for the average slope of a partial catchment (I;). In order to reduce the multidimensionality of the
solution and limit the outlays of calculations, it was assumed that the flow path width is determined
as W = a-A%5. The values of coefficients (B, ) are used to correct the value of the sealed area (Imp;)
and the slope of the catchment (I = B-1;), where j—the number of partial catchments.
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Table 1. Ranges of variability of model parameters for the a priori uniform distribution [16].

Parameters Unit Range

Coefficient for flow path width () - 2.7-4.7

Retention of impervious areas (d;y,) mm 0.8-4.8

Retention of pervious areas (dpero) mm 0.8-6.8
Roughness coefficient for impervious areas (11;) m1/3.s 0.01-0.022
Roughness coefficient for pervious areas (Mperv) m1/3.s 0.16-0.20
Roughness coefficient of sewer channels (11,,) m~1/3. 0.01-0.048
Correction coefficient for percentage of impervious areas (7) - 0.7-1.275
Correction coefficient for sub-catchments slope () - 0.8-1.375

The Monte Carlo sample was conditioned using a likelihood function (Equation (7)) on two
sets of observations: for 15 September 2010 (time and total rainfall depth equal to ¢, = 107 min and
Piot = 9.2 mm, volume of runoff Vi, = 2221 m®), and 7 August 2011 (t, = 60 min; Pt = 8.6 mm,
volume of the runoff Vjy; = 1733 m?), events [37]. The scaling factor ¥ was adjusted in order to ensure
that 95% of observations in calibration sets are enclosed in 95% confidence intervals. In Figure 3,
resulting parameter distributions in respect of the likelihood measure (Equation (8)) are showed
as box-plots. The total variability of the likelihood function is presented with dashed lines extents.
A red center line denotes the median value and 25th and 75th quantiles are indicated by box edges.
Box-plots are used instead of dot-plots, found in Kiczko et al. [27], as they provide a more precise
characterization of the a posteriori distribution. For &, npery, Rimps dperv, and 7, the model response is
almost uniform—similar high and low likelihood values were found in the whole parameter span
(Figure 3a—c,e,g). It is different in the case of remaining parameters, d,-mp, B, and n, (Figure 3d,fh).
This suggests that the model is more sensitive to the second parameter set, as it is possible to spot the
dependency of the likelihood function on parameter values. For example, it is clear that the highest
model likelihood was obtained for  values close to 0.9 (Figure 3f). Figure 4 presents verification of
the probabilistic solution for an independent data set. On the basis of the simulations performed
(Figure 4), it can be stated that the measured and modelled outflow hydrographs for the calibration
set are characterized by a high adjustment for high intensity rainfall (time and total rainfall depth
equal to t, = 270 min and Py = 16.5 mm, which results in rainfall intensity g = 10.19 dm3~(ha-s)*1 at
the volume of Vi = 3415 m? hydrograph).

Using the simulation results obtained with the Monte Carlo method and a posteriori distributions
of the model parameters (Table 1), hydrograph calculations of outflow from the catchment were
performed for precipitation ¢, = 10-240 min and C = 1, 2, 5, 10, determined on the basis of IDF
curves described with Equations (4)—(6). Next, on the basis of Equation (7) for the assumed design
flows (Qout,max = 0.1-1.0 m3s71), capacities of retention reservoirs were determined, thus obtaining
a probabilistic solution and determining for individual values of V (¢, C, q) the mean value and 95%
confidence interval, respectively.
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Figure 3. Box-plots for likelihood function values in the respect of parameter values (parameters
symbols explained in Table 1).
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Figure 4. Exemplary results of calculations and measurements for the confidence interval of 95% using
the Generalized Likelihood Uncertainty Estimation (GLUE) method for the hydrograph of outflow

from the catchment (30 July 2010).

The results were compared with the reservoir capacities obtained neglecting the uncertainty, for
a single parameter set, ensuring satisfactory simulation results. This approach is commonly used in
engineering practice and is called the deterministic solution. The results of calculations obtained in
this way allowed to assess the influence of uncertainty of the calibrated parameters of the SWMM
model on the determined reservoir capacities.

Using the above remarks and based on simulations performed with the SWMM model, the
influence of the uncertainty of the hydrodynamic model of the catchment and unit outflow on the
design rainfall duration used to dimension the reservoir and the unit reservoir capacity was analyzed.
On the basis of performed calculations, the dependence V;; = f(,) for selected values of g was first
determined; an example of the dependence V; = f(t,) for C =5 and g = 17 dm>-(ha-s) ' and g = 6

dm®-(ha-s)~! is shown in Figure 5.
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Figure 5. Influence of the unit outflow from the reservoir (7) and the time duration rainfall (t,) on the
unit accumulation capacity (Vj), taking into account the model uncertainty.
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From the results obtained it can be concluded that the uncertainty of the hydrodynamic model
of the catchment influences the unit accumulation capacity of the reservoir, which is confirmed by
the range of variability of the confidence interval of 95% for individual values of V; = f(t,) and by
the dependence of V; = f(g, C) shown in Figure 8. Moreover, it was found that the reservoir capacity
determined taking into account the model uncertainty (median) is smaller than the value obtained in
the deterministic solution, which is also indicated by the variability of V; values illustrated in Figure 5.
Due to the fact that curves in Figure 5 were prepared for selected values of g, it is impossible to
generalize them for the remaining unit values of reservoir outflows. For this purpose, it was necessary
to analyze the relations between unit reservoir capacities obtained for tfdmb and tf;t and the assumed
outflows (q) and the assumed rainfall frequency (C), which is discussed in the further part of the paper.

On the basis of the curves shown in Figure 5 and determined for g4 = 6 dm?®-(ha-s)~! and
g =17 dm3-(ha-s)7!, it is possible to determine the influence of the SWMM model uncertainty on
the duration of the design rainfall used to dimension the reservoir in the deterministic and probabilistic
solutions. On the basis of the presented curves, it can be stated that the value of the design rainfall
duration in the deterministic solution (t%") is shorter than the value obtained in the probabilistic one

(median)—tf;ab. In the first solution for g =17 dm?3-(ha-s)~!, the t,; value is 56 min and is 19 min
prob

shorter than in the second one, and the tt”jﬁ ratio is 1.33, while for g = 6 dm>-(ha-s) ! the shift between
rd

prob
d

rain duration in the considered solutions is shortened to 8 min and the f’m of 1.09 decreases accordingly.

rd
The obtained result indicates that the smaller the unit outflow from the reservoir (g), the value of the
shift between the duration of rainfall obtained in deterministic and probabilistic solutions decreases,
which translates into the size of the required storage capacity of the reservoir. Bearing in mind the

need to carry out a detailed evaluation of the model uncertainty influence on individual aspects of
. . . . . . . b
reservoir capacity selection and its operation, on the basis of the obtained results the t'%, = f(q,0)

V;n’oh tprob . .
and ﬁ =f (;57, C) curves were prepared and shown in Figures 6 and 7.
{ d

1.40
L
A °®
1.20 | s ¢ N .
A A e * A
® $ 3 °
1.00 + * - s o
i *
E_ o080 | .
=
b
s 0.60 + e(C=2
LB aC=5
040 + +c=10
0.20
0.00 : 1 1 I I 1
0 5 10 15 20 25 30 35

q [dm?(ha-s)™]

Figure 6. Influence of unit outflow from the reservoir (q) and rainfall frequency (C) on the difference
between the design rainfall duration obtained for deterministic and probabilistic solutions.
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On the basis of the data in Figure 6, it can be stated that the difference in the shift between the
rain duration determined in the probabilistic and deterministic solutions for designing the retention
reservoir is influenced by the unit outflow () and the rainfall frequency (C). The results of calculations
shown in Figure 6 showed that the highest relative difference between the t,; time obtained in the
deterministic and probabilistic solution was obtained for g = 21 dm?-(ha-s)~! for C = 2-10, and it
is the highest for C = 2 and exceeds 35%. However, for the value of C = 10, it is smaller than for
C=5and C =2, and is 1.15. A further increase in the unit value of the outflow from the reservoir ()
leads to a decrease in the time lag between the duration of rainfall obtained in the deterministic and
probabilistic solutions. The issue discussed above is important from the point of view of the reservoir
design, because identification of the most unfavorable distribution of tf ;Db values in relation to the
deterministic solution defines the area of operation of the reservoir, in which it is most exposed to
potential underestimation.
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Figure 7. Influence of relative shift between probabilistic and deterministic solution and unit reservoir
capacities (V).

o ) ) o b Jprob )
Taking into account the above considerations, the variability of % = f( e/ C ), allowing for

T
determination of the effect of the relative shift between the t,; value determined for deterministic and
probabilistic solutions on the unit storage capacity, is presented in Figure 7. Analyzing the shape of
the curves, it can be stated that the increase in the relative shift between the design rainfall duration

obtained in the deterministic and probabilistic solution (median) relative to the maximum value of
jrob

;‘917 corresponding to g = 15 dm?-(ha-s)~! (C = 2-10) leads to a decrease in the relative difference in
d

;
the capacity of reservoirs obtained in the SWMM model and taking into account the uncertainty, and

meb . ipmb . .
reaches the value equal to % = 0.8. As a result of a decrease in the t’f{w value, which is related to the
q rd
) ) o b _
increase in the outflow from the reservoir (Figure 5), the Jm quotient decreases further, the value of
q

which indicates an underestimation of the storage capacity in the probabilistic solution (the median is
a search solution) in relation to the value obtained only by the calibrated SWMM model.

179



Water 2019, 11, 321

In the next stage of analyses, on the basis of calculations carried out with the SWMM program,
curves were determined (Figure 8) showing the influence of the unit outflow from the reservoir (4) on
the unit maximum accumulation capacity (V) at preset values C for the design rainfall duration (f,,).
The calculations done showed that the size of the unit storage capacity of the reservoir (V;) determined
in the deterministic solution is larger than the median obtained in the probabilistic solution, and
its value decreases with the increase of the unit outflow from the reservoir, which is also confirmed
by the variability of V; = f(t,,C) in Figure 8. This result indicates that the unit storage capacity of
the reservoir (V;) obtained in the deterministic solution is overestimated in relation to the capacity
obtained in the probabilistic solution (median), which means that the reservoir may be oversized.
From the point of view of the reliability of the reservoir operation, this is a beneficial solution, however,
taking into account the 95% confidence interval, it is difficult to draw far-reaching generalizations, as it
may turn out that the capacity of the reservoir designed on the basis of a deterministic solution may
still be insufficient.

500
450 +
400 —+
350 +
——C=2 (deter.)
L 300 —+ -----C=2 {median)
2 ——C=2(95% cl)
= 250
£ C=5 {deter.)
';':- 200 -+ C=5 {95% c.l)
C=5 {median)
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——c=10(95%c.l.)
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0 } } } } t t t t
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Figure 8. Influence of the unit outflow from the reservoir (q) and the rainfall frequency (C) on the unit
accumulation capacity (V;), taking into account the model uncertainty (where: c.l.—confidence level).

Therefore, further analyses are necessary in this respect, all the more so as retention reservoirs are
important objects on the stormwater networks and the appropriate selection of their dimensions is of
key importance for the high reliability of the drainage systems operation.

The analysis of the obtained curves V; = f(g, C) indicates an increase in the relative unit difference
of reservoir capacities obtained in deterministic and probabilistic solutions, depending on the value of
g. For example, for C = 2 an increase in the value from g = 6.8 dm?.(ha-s)~! to q=13.7 dm?.(ha-s)~!
leads to an increase in the relative difference in reservoir capacity from 6% to 19%. Referring the
obtained result to the above analyses, it can be stated that with the increase in the amount of outflow
from the reservoir, the degree of its oversizing (taking the probabilistic solution as the starting point)
increases, which from the point of view of economy and operation of the stormwater system below,
the reservoir is unfavorable.

Based on Figure 8, it can be concluded that an increase in the unit outflow from the reservoir (g)
leads to a reduction in the required unit accumulation capacity (V). This means that the uncertainty of
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the model is important for the selection of discount devices. Comparing the values of unit outflows
from the reservoir for the assumed unit accumulation capacity, it can be stated that for the deterministic
solution the outflows, g are greater than taking into account the uncertainty. This is important when
designing the reservoir, as omitting the uncertainty leads to an overstatement of the outflow with the
drain, which may lead to unfavorable phenomena (system overload) in the stormwater system located
below the outlet from the reservoir.

4. Summary and Conclusions

The paper presents a methodology of reservoir dimensioning taking into account the uncertainty
of identification of parameters calibrated in the hydrodynamic model. The calculations made in the
paper showed that the uncertainty of the model has a significant impact on the design of the retention
reservoir. The simulations showed that due to the increase of the unit outflow from the reservoir to q
=20 dm?3-(ha-s)~!, the design rainfall duration taken into account when dimensioning the reservoir
(probabilistic solution) is longer than in the deterministic solution. Simultaneously, with the increase
of g, the difference in the values of the design rainfall duration determined in the probabilistic and
deterministic solutions increases. On the other hand, after exceeding a certain limit, a further increase
in g leads to a decrease in the difference between precipitation duration obtained in the probabilistic
and deterministic solutions.

On the basis of the analyses carried out, it was found that in the case under consideration, the unit
storage capacity of the reservoir (median) obtained taking into account the uncertainty is smaller than
that determined in the probabilistic solution. At the same time, it was shown that with the increase
in unit outflow (g), the absolute difference in reservoir capacity (median) obtained in deterministic
and probabilistic solutions increases. Therefore, the reservoir capacity (median value) determined on
the basis of the hydrodynamic model simulation, where the uncertainty of the model was omitted,
is underestimated compared to the deterministic solution. From the point of view of reliability of
reservoir operation, this is a positive result, as the reservoir will not be overfilled. However, due to the
range of variability of the established 95% confidence interval and the fact that these analyses were
performed for a single catchment, it is difficult to draw far-reaching guidelines and generalizations.
Therefore, further analyses for urban catchments with diversified physico-geographical characteristics
are advisable.
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Abbreviations

A subcatchment area in the runoff model, ha;

C rainfall frequency;

dimp retention depth of impervious areas in the runoff model, mm;
Aperv retention depth of pervious areas in the runoff model, mm;
Fimp impermeable of the catchment, ha;

H(t) reservoir depth, m;

Hiyax maximum reservoir depth, m;

I(t) inflow to reservoir, m3-s~1;

I subcatchments slope in the runoff model;

Imp percentage impervious areas in the runoff model;

L(Q/0) likelihood function;

Mimp roughness coefficient for impervious areas in the runoff model, m~13.;
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Ny roughness coefficient for sewer channels in the runoff model, m~1/3.;
Mpero roughness coefficient for pervious areas in the runoff model, m~ 3.
P(©) denotes a priori parameter distribution;

P(Q/0) the a posteriori distribution;

Ppiax maximum rainfall depth, mm;

Prot rainfall depth in an episode, mm;

[4 probability of rainfall exceeding;

Qout outflow from stormwater reservoir, m3-s~1;

Qout,max maximum outflow from stormwater reservoir, m3-s~1

q unit outflow from reservoir; dm?-(ha-s)~!

S surface area of the reservoir in the projection, m?;

t, rainfall duration, min;

tf;t design rainfall event—deterministic solution, min;

tf ;Ob design rainfall event—probabilistic solution, min;

Vq unit capacity index, m®-ha~1;

V,;M unit capacity index—deterministic solution, m3-ha~l;

qu rob unit capacity index—probabilistic solution, m*-ha=1;

Viot volume of runoff, m3;

w flow path width in the runoff model, m;

o coefficient for flow path width in the runoff model;

B correction coefficient for the percentage of impervious areas;

v correction coefficient for subcatchments slope in the runoff model;

[S the factor used to control the variance of the a posteriori distribution.
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Abstract: Sustainable Drainage Systems (SuDS) can be considered the joint product of water
engineering and urban planning and design since these systems must comply with hydraulic,
hydrologic, and social-ecological functions. To enhance this joint collaboration, a conceptual model of
mesoscale SuDS is introduced based on the observed rainfall-runoff responses from two catchments
with SuDS and a pipe-bound catchment. The model shows that in contrast to pipe systems, SuDS
disaggregates the catchment into a group of discrete mini catchments that have no instant connection
to the outlet. These mini catchments start to connect to each other (and perhaps to the outlet)
as the rainfall depth increases. It is shown that the sequence of stormwater control measures
(SCMs as individual components of SuDS) affects the system’s overall performance depending on
the volumetric magnitude of the rainfall. The concept is useful in the design and implementation
of mesoscale SuDS retrofits, which include several SCMs with different retention and detention
capacities within a system.

Keywords: rainfall-runoff; storm water control measure; SuDS; urban drainage; urban landscape;
urban planning

1. Introduction

Sustainable Drainage Systems (SuDS) within the context of green infrastructure are becoming
more accepted and popular in urban landscapes. Numerous studies indicate that these systems,
besides delivering multiple ecosystem services and promoting public health [1-3], have large retention
capacities for the management of rainfall events up to the design magnitude [4]. It has also been
pointed out that SuDS have positive effects on flood mitigation [5,6]. Therefore, SuDS are occupying
more space in urban landscapes either as an alternative solution or as a complement to the existing
combined or separate wastewater collecting infrastructure. The large retention capacity associated
with SuDS is achieved by introducing extended pervious areas, which allows increased infiltration
along with larger retention and retention volumes as well as slow transport of runoff towards the
outlet point [7]. In other words, the management of storm water with SuDS utilizes urban spaces and,
therefore, affects their functionality. This means that the urban surfaces occupied by SuDS have to
comply with social-ecological qualities besides fulfilling their hydraulic role in an urban drainage
perspective. Therefore, the planning and designing of SuDS has to be brought about collaboratively by
water engineers and urban planners [8-10].

SuDS in urban areas can be implemented at three different levels, i.e., microscale, mesoscale,
and macroscale, which was proposed by Haghighatafshar et al. [11]. A graphical illustration of
these three levels is presented in Figure 1. A microscale implementation of SuDS (Figure 1a) consists
of scattered individual stormwater control measures (SCMs) from which the excess discharge is
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directly connected to the urban drainage pipe-network (either separated or combined sewer networks).
The procedure for designing an individual SCM is already established and widely practiced based
on applying existing methods such as the Rational Method or the Time-Area Method. Details of the
design process for individual SCMs can be found in e.g., Water Sensitive Urban Design [12].

C Implementation levels ==
S
Microscale Mesoscale Macroscale

(Scattered/Single) {Catchment) {City)

________ _J
o A @ ——
SCM, SCM; SCM, SCM, Sewer
network
™ I )
\_/ L] L_J
Microscale Mesoscale Macroscale
(Single SCM) (Group of SCMs/SuDS) (Sponge city)

Figure 1. Different levels of implementation for SuDS/SCMs, (a) Microscale, (b) Mesoscale, and
(c) Macroscale.

Mesoscale SuDS (Figure 1b) is implemented at the catchment level. This means that a group of
interconnected SCMs are integrated in an urban catchment. In this type of implementation, SCMs are
connected to each other so that the collected stormwater could flow from an upstream SCM to a
downstream SCM. Mesoscale, in this context, has been referred to as “SuDS management train” by [13].
The extensive implementation of SuDS over the entire city catchments could be considered a macroscale
approach (Figure 1c) through which the city could be transformed to a sponge city [14]. In contrast to
microscale, studies regarding the hydraulic performance of SuDS at meso-scales and macroscales, as
the train of several individual SCMs, are comparatively rare in the literature, e.g., [13,15,16].

In order to facilitate the implementation of SuDS, it is necessary to provide tools and models to
enhance the communication between the urban water engineers and urban planners [8]. This can
be done by characterizing SCMs as well as understanding their cumulated affect in a larger system,
which is reported to be challenging and empirically less attended [17].

One of the early standard frameworks for implementation of SCMs was introduced by Stahre [7] in
Sweden in the city of Malmo. Peter Stahre developed administrative procedures where it was outlined
how different SCMs could be implemented on private and public land, respectively. As a result,
several SCMs where introduced in the late 1990s in Malmo as part of the drainage system. A list
of the implemented SCMs/SuDS in Malmo was presented by Haghighatafshar et al. [18]. The most
prominent of these implementations is the neighborhood Augustenborg in Malmo, which in contrast
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to others, is located in the densely constructed and populated part of the city. The implemented
SuDS were, to some extent, demonstration facilities showing the potential and the benefits of a new
game-changing type of planning process where aesthetically designed open drainage systems were
part of the urban landscape in accordance with the motto “make space for the water”. While some
potentially suitable measures were tentatively suggested at each level from upstream to downstream,
the hydraulic and hydrologic performance of the suggested SCMs and of the entire system were not
addressed. With the more intense rainfall events that have been experienced in many parts of the
world as well as an elevated densification of our cities, the interest in SCMs especially in already built
areas has grown [6,11].

The aim of this study is to introduce a new conceptual function-oriented description of the
SuDS at a mesoscale level. The suggested model is based on observed rainfall-runoff data from
the perspective of connectedness of surfaces and, to what extent, they contribute to the observed
runoff. Consequently, the concept is applied to schematize the existing SuDS in Augustenborg as a
demonstration. This approach aims to bridge an engineering design to urban planning and design by
providing a simple hydraulic scheme for mesoscale SuDS.

2. Methodology

This study is based on rainfall-runoff measurements in an urban catchment of about 20 ha in
which the runoff from most surfaces is managed through combinations of SCMs. All the implemented
SCMs in the study area are surface-based (open) stormwater solutions. The study area known as
Augustenborg was originally drained through the underground pipe-system of the city. For two years,
flow measurements were carried out at the most downstream of catchments where the excess runoff is
diverted into the major wastewater collecting system of the city. The following subsections present
the adopted parametrical assessment method, a brief description of the study area, and the employed
measurement instrument.

2.1. The Study Area—Augustenborg

Augustenborg is located in the inner city of Malmo, Sweden and is one of the most renowned
SuDS retrofits. The area is often regarded as a unique example of an integrated collaboration of urban
planners and urban water engineers. In this scenario, an area about 20 ha, which was originally
drained with a combined sewer network, is managed via interconnected combinations of SCMs
(i.e., mesoscale). The area was retrofitted in the late 1990s and has been in operation for about 20 years
now. Augustenborg has been associated with many tentatively positive effects over the years such
as, among other benefits, mitigation of basement flooding [19]. However, the effect and the in-depth
understanding of the function of the SCMs have never been described in detail and the ideas have not
been reproduced elsewhere despite the very positive verdict. One prerequisite for the reproduction is
understanding the functionality so that the results, rather than the layout, can be transferred to other
places. There is, therefore, a need to develop concepts that discuss SuDS and their functionality in a
city-wide perspective to help urban planners and water engineers systematically design and reshape
the urban landscapes through a shared perspective. An enhanced communication between engineers
and planners can help alleviate some of the institutional shortcomings [20] for the widespread adoption
of SCMs.

The Augustenborg area, which is shown in Figure 2, handles the storm water runoff through three
different systems with each serving its unique catchment; i.e., the pipe-system (3.5 ha), the Northern
SuDS (6.3 ha), and the Southern SuDS (9.5 ha). Figure 2 also shows the location of the flow and rainfall
monitoring points as well as the systems’ connection points to the municipal wastewater collection
network of Malmo.
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Figure 2. The locations of rainfall and runoff monitoring points as well as the catchment delineation
in Augustenborg. The unmarked areas within the borders of the Augustenborg area are directly
drained into the existing municipal pipe-bound combined sewer network. Connection points marked
as CPy;, CPp_g, and CPg are the discharge points for the Northern retrofit, the pipe-bound catchment,
and the Southern retrofit, respectively. Note that the flow is in the north-west direction, i.e., towards
the connection points [21]. For SCM types, see Figure Al. Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmateriet (2015).
[This figure—slightly modified—is adopted from Haghighatafshar et al. [11] with permission].

Catchments in all three stormwater subsystems consist of various types of surfaces such as tile
roofs, green roofs, asphalt surfaces, concrete surfaces, grass, and sand covered areas. A Geographical
Information System (GIS) analysis of different land uses in each of the subsystems in Augustenborg,
using orthophotos of the area, shows that about 50% of the catchment in both Northern and
Southern SuDS is occupied by surfaces assumed to be impervious from an engineering point of
view (i.e., tile roofs, asphalt, and concrete) while the corresponding value in the pipe-bound catchment
is above 70%. Green roofs make up a considerable part in the Southern SuDS (about 11%) while
it is almost negligible in the pipe-bound catchment as well as the Northern SuDS. A schematic
representation of different land uses in the area are presented in Table 1. The numbers are based on a
GIS-analysis of the land use and the digital elevation model (DEM) of Augustenborg by Nordlof [21].
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Table 1. Distribution of different types of surfaces in the catchments in Augustenborg extracted from
Reference [21].

Pipe-Bound  Northern SuDS  Southern SuDS

Surface Type

ha % ha % ha %
Tile roof 0.5 15 1.7 27 1.7 17
Asphalt/Concrete 2.0 56 15 24 3.0 32
Grass area 1.0 28 2.9 46 3.0 31
Green roof 0.0 0 0.0 0 1.0 11
Sand 0.0 1 0.1 1 0.8 8
Gravel 0.0 0 0.1 2 0.1 1
Total 35 100 6.3 100 9.5 100

Different types of the implemented SCMs in the Northern and Southern SuDS are shown in
Figure 2. The Northern SuDS consists of a major flow-path of swales and a stormwater ditch to which
some stormwater ponds are also connected. Outflow from the Northern systems occurs in the form
of overflow from the final pond (Figure 2 (CPy)). In contrast, the Southern SuDS includes several
relatively large retention ponds (with larger areas/freeboards) with a considerable area of green roofs
at the most upstream parts of the catchment (Figure 2 (GR)). Outflow from the Southern SuDS is the
result of overflow from the final pond in the system (Figure 2 (CPs)). Some photos of the SCMs in
Augustenborg are presented in Appendix A.

2.2. On-Site Measurements

Discharges from the sub-catchments were monitored and logged at connection points (marked as
CP in Figure 2). The flow was measured using Mainstream Portable AV-Flowmeters with velocity
and level sensors. Flow-monitoring was carried out for a period of over two years, which is shown in
Figure 3. A total of 10 rainfall events (denoted A-J) with reliable corresponding flow measurements
were selected. The selected rainfalls were all volumetrically considered, which means that they led to
a discharge from at least one of the SuDS in Augustenborg. As seen in Figure 3, all selected rainfalls
belong to the period of May—August during which most intense rainfalls were observed. Details of
the selected rainfall events are shown in Table 2. The rainfall was monitored and logged by a Casella
CEL tipping bucket rain gauge with 0.2 mm resolution, which was installed at the south-east part of
the area.
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Figure 3. Hyetograph over the period of the study.

189



Water 2018, 10, 1041

Table 2. Calculated REIAs and their corresponding contribution coefficients for 10 rain events.

Rainfall Rainfall  Rainfall Vout (m®) Contribution Coefficient—Equation (2) (-)
Evac::t &;D Depth Duration Pipe-System Northern Southern Pipe-System Northern Southern
(mm) L (3.5 ha) SuDS (6.3ha)  SuDS (9.5 ha) (3.5 ha) SuDS (6.3ha)  SuDS (9.5 ha)

A 7.8 0.45 107.47 24.28 0.00 0.55 0.10 0

B 10.6 3.37 129.56 n/a 5.40 0.49 n/a 0.01

C 134 218 189.55 107.78 14.00 0.57 0.25 0.02

D 13.8 9.25 197.15 86.22 12.76 0.57 0.19 0.02

E 15.6 4.78 174.31 96.43 11.14 0.45 0.19 0.02

F 17.4 3.90 165.17 142.27 132.66 0.38 0.25 0.16

G 17.8 15.5 154.73 117.23 101.4 0.35 0.20 0.12

H 19.0 227 268.9 164.49 93.75 0.57 0.27 0.11

1 22,6 4.15 273.23 258.04 215.89 0.48 0.35 0.20

] 284 9.14 352.19 288.53 293.02 0.50 0.32 0.22

2.3. Runoff-Equivalent Impervious Area

The parts of the impervious surfaces in a catchment that are hydraulically connected to the
drainage network within the context of pipe-systems are known as directly connected to an impervious
area (DCIA) [22]. DCIA is often regarded as an effective impervious area (EIA) in an interchangeable
manner [22-24], which implies that the effectiveness of the surfaces from a runoff contribution point of
view is reflected in DCIA. DCIA has widely been employed to understand the rainfall-runoff patterns
in urban basins. Lee and Heaney [25] report that connectedness of the impervious area has the most
noticeable effect on urban hydrology. It has also been shown that mild changes of imperviousness
are reflected as amplified runoff responses. For instance, grass areas contribute to runoff as soon as
rain intensity exceeds the infiltration rate [22]. It is also important to consider that the routed runoff
from ineffective impervious areas onto the pervious surfaces would lead to rapid consumption of
percolation capacity, which makes the previous surface react as impervious [26]. The generated runoff
under such scenarios is then not only contributed by DCIA, but also other types of impervious and
pervious surfaces start to contribute.

Using the same indicators for functionality of various types of stormwater handling systems
makes it easy to compare and understand the role of these systems in urban runoff management.
While DCIA can be quantified through GIS maps of high spatial resolution as well as intensive in-situ
assessment of the catchment connected to the pipe network [27], it is not convenient to apply the same
method to SuDS since the boundaries between the “catchment” and the “system” cannot be clearly
drawn in case of SuDS. Therefore, a lumped parameter representing the runoff-equivalent impervious area
(REIA) is introduced in this paper to explain the activeness of the surfaces. This parameter, REIA, is the
equivalent surface area with 100% contribution to runoff, which is calculated based on the observed
accumulated outflow from systems. It should be noted that REIA and DCIA could be identical
parameters in case of pipe-bound conventional drainage systems. The difference between these two
parameters lies in their conceptual definitions through which REIA could be used for evaluating
the efficiency of SuDS as alternative solutions for urban runoff management and is estimated using
Equation (1).

Vout
R

in which REIA is expressed in m?, Vo is the total volume of the observed runoff outflow at the most
downstream point (m?), and R is the rainfall depth (m). Total runoff volume was measured until the
discharge was either zero or reached a minimum before the subsequent rainfall. The ratio between
the observed REIA and the GIS-based quantified total impervious area (TIA) is then considered as the
contribution coefficient of the system (Equation (2)).

REIA = )

REIA

Contribution coef ficient = TIA

@
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3. Results and Discussion

3.1. Development of the Conceptual Model

All 10 rainfall-runoff datasets (hyetographs and hydrographs) included in this study are provided
as supplementary material. Figure 4 shows two examples of the observed rainfall-runoff events.
Rainfall I (Figure 4(I)) is the most intensive rainfall event with a recurrence interval of about two years
according to Dahlstrom (2010) [28]. It has one peak with a large depth that leads to discharges from
both the Northern and the Southern SuDS. Rainfall D (Figure 4(D)), however, consists of two peaks
while the discharge occurs only from the Northern SuDS and only in connection to the second peak.
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Figure 4. Two examples from the monitored hyetographs and hydrographs during this study.
See rainfalls D and I in Table 2. The details of all rainfall-runoff observations are provided as

supplementary material (available online).

Analysis of the hydrographs, which are the normalized outflows against the total catchment
area, shows that the pipe system is very sensitive to rain peaks even in smaller magnitudes. In other
words, there is always an observed peak in the hydrograph, which corresponds to a certain peak
monitored in the rain pattern (see Figure 4(D) and Figure 4(I)). The correlation between the rain
intensity and the outflow from the pipe-system indicates that pipe-systems are flow oriented and
should be designed in accordance with flow capacity. In contrast to the pipe-system, the outflow from
SuDS is observed to be a function of the rainfall depth rather than rainfall intensity. For instance,
as seen in Figure 4(D), outflow from the Northern SuDS occurs in connection with the second peak
observed at about 8 h 45 min after the start of the event while there is no outflow from the system at
the first peak in the rain (at about 30 min after the start of the event). This means that the first part of
the rainfall (60 min from the start, depth = 8 mm) is retained in the SuDS and to some extent fills the
existing capacity while the second peak, although lower (depth = 6 mm), exceeds the threshold and
initiates an outflow from the Northern SuDS.

The monitored hydrographs indicate an almost negligible delay in the flow initiation in the pipe
network followed by relatively shorter lag times, i.e., 5-20 min depending on the rainfall pattern.
The observed lag time for Northern SuDS and Southern SuDS was found to be about 20-100 min and
90-190 min, respectively.
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The observed range of accumulated rainfall required for the initiation of runoff in the pipe system
is found to be 0.8 mm to 2.2 mm, which aligns with findings of Albrecht [29] who reported a runoff
initiation threshold of 0.8 mm to 2.3 mm for cool and hot weather, respectively. The almost immediate
initiation of flow in the pipe system can be an indication that the major part of the flow is contributed
by the DCIA, which lies close to the measurement point. In contrast to the pipe system, the small
contribution coefficient in the catchments with SuDS (see Table 2) agrees well with the observed
long periods of delay in the flow initiation, which is an indication of larger retention capacity of the
SuDS catchments.

The larger retention capacity in the SuDS can be accredited to storage, evapotranspiration, and
direct and indirect infiltration. The term indirect infiltration is assigned to the infiltration that takes
place when the runoff from impervious surfaces is diverted to pervious surfaces for infiltration.
In contrast, direct infiltration is when the rain falls on a pervious surface and is infiltrated directly.

Table 2 summarizes the total discharge volumes (V) and their corresponding contribution
coefficients for the catchments in Augustenborg for 10 rainfall events were monitored for two years.
Figure 5 presents the graphical illustration of the calculated REIA values for the subsystems in
Augustenborg. As observed in Table 2, the contribution coefficient for the catchment with pipe-system
is about 50% (i.e., 0.48 £ 0.08%) of the TIA. This is in agreement with the published literature in
which the proportion of contributing surfaces (also regarded as EIA) is reported to vary from 14%
to 60% depending on the physical characteristics of the catchment such as slopes, gutters, curbs,
and more [30-33].

Pipe-bound Northern SuDS Southern SuDS
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Figure 5. Calculated REIA in case of the observed rainfalls for all three catchments in Augustenborg
compared to the TIA (based on field surveys and GIS maps as given in Nordlof [21]): (a) Pipe-bound;
(b) Northern SuDS; (c) Southern SuDS.

The contribution coefficient is considerably lower in the catchments with SuDS implementations
(varying values) but note that the two SuDS (Northern and Southern) differ with respect to how
they react under different rain depths. The REIA in the Northern SuDS tends to increase gradually
when the rainfall depth increases (Figure 5b) while, in the Southern SuDS, the REIA is generated first
when the rainfall depth exceeds a larger threshold of about 17 mm (Figure 5c¢). It was also observed
that the outflow from the SuDS in Augustenborg is not only levelled out and flat (no intensive
peaks as seen in Figure 4) but is also much smaller in accumulative volume when compared to the
pipe system (compare the contribution coefficients given in Table 2). This implies that the retention
capacity including surface storage, infiltration and evapotranspiration in catchments with SuDS in
Augustenborg is higher than the pipe-bound catchment.

The observed gradual increase in the REIA for the Northern SuDS (REIA from 0.3 ha to 1.1 ha
corresponds to rainfall depths of 8 mm to 23 mm, which is shown in Figure 5b) means that the
contributing proportion of the catchment grows as the rainfall depth increases. The corresponding
projection of this observation in the field could be considered if the system is constituted of a network
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of several small disaggregated (discrete) individual mini catchments with each having a certain
retention volume. These discrete mini catchments are filled gradually as the rainfall depth grows.
Wventually, when their threshold is exceeded, overflow to the corresponding immediate downstream
mini catchment. Accordingly, if the rainfall depth is large enough, the number of connected mini
catchments increases and the accumulated overflows might finally contribute to the final discharge
from the system.

The same conceptual model is also valid for the REIA trend observed for the Southern SuDS.
As seen in Figure 5c and Table 2, the calculated REIA is almost negligible for rainfall depths up to
about 16 mm while a dramatic increase is observed in the case of 17 mm of rainfall. The same concept
presented above (discrete mini catchments) explains the observed phenomenon. A possible explanation
for this very abrupt alteration in behavior (sudden jump in REIA from 16 mm to 17 mm of rainfall) could
be associated with the relatively large retention volume at the most downstream part of the Southern
SuDS (see Figure A1(DP 4)). Another possible explanation could be that some other mini catchments
further upstream join the rest of the system when a threshold is exceeded. Both hypotheses could
generate a relatively large outflow volume considering the possible connectedness of the catchment
at that stage after the initial 16 mm has filled up the capacity up to the system’s threshold. However,
application of the concept to the systems in Augustenborg could possibly reveal what hypothesis is a
valid explanation for the observed phenomenon.

A schematic illustration of the conceptual model is presented in Figure 6. In this illustration,
five retention cells (SCMs) with each having a connected mini catchment area = A are presented.
The constant connected area, A, for each SCM is assumed to promote the comprehensibility of the
conceptual model. Each of these SCMs has a certain retention capacity as different multiples of an
assumed unit capacity (i.e., V [mm]). The retention capacity of each SCM is reflected in the size of
the schematic circles in Figure 6. As evident in Figure 6, both illustrated models have identical total
retention capacity (=25 x V), but the circumstances under which a discharge is initiated from the
systems depend on the spatial distribution of the mini catchments with respect to their retention
capacity. It is important to note that retention capacity, V, in this context is considered the sum of
surface storage, retention, and losses in the form of infiltration and evapotranspiration.

Discharge
Discharge

Scenario X Scenario Y

Figure 6. Conceptual illustration of two extreme setups for construction of SuDS with different
components. Please note that all the shown mini catchments have the same area, i.e., A, while the size
of the circles represents the retention capacity of SCMs: (a) Scenario X; (b) Scenario Y.

Figure 6a (Scenario X) is comparable to Northern SuDS in Augustenborg. The mini catchments
with smaller retention capacities are placed close to the discharge point. A consequence of this
configuration is that a discharge from the system will be observed as soon as the most downstream
mini catchment (1 x V) is saturated in capacity, which is when the rain depth exceeds 1 x V. As the
rainfall depth continues to increase, more mini catchments are connected to each other and contribute
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more to the final discharge. The growth direction of the contributing catchments in this case is
downstream-to-upstream, i.e., links are activated from d towards a (Table 3).

Table 3. Response matrix of the conceptual model in the case of scenarios X and Y (see Figure 6).

Rain Scenario X Scenario Y

oy Active Links Discharge - Contributing -y g Discharge - Contributing
<1xV - - - - -
2xXV - 1xV A a - -
3XV - 2xV A a,b - -
4xXV d 4xV 2x A a,b,c - -
5XV d 6 xV 2x A a,b,c d - -

6 XV d,c 9 xV 3x A a,b,cd 5xV 5x A
99XV d,c,b 20 x V 4x A a,b,c,d 20 x V 5x A
10 X V d, ¢, b,a 25 x V 5x A a,b,cd 25 x V 5x A

In Figure 6b (Scenario Y), comparable to the situation in Southern SuDS, the final discharge would
not flow out unless a certain rain depth is obtained. In the specific example, the outflow from the
model presented as Scenario Y is initiated when a rainfall larger than 5 x V mm is applied on the
system while all rainfalls up to 5 x V. mm would result in higher connectedness of the system without
any downstream discharges. In this type of setup, the connectedness of the system propagates from
the upstream towards the downstream, i.e., links are activated from a towards d (Table 3).

In the presented conceptual model, if a longer lag time is desired for the system, it is more
beneficial that the SCMs with higher retention or retention capacity are placed downstream.

Additionally, relatively smaller volumes of discharge can also be expected for rainfalls up to a
certain magnitude (see the data for rainfall 6 x V in Table 3). These advantages become especially
important and effective when the final recipient for the SuDS is the municipal sewer system, which is
the case in Augustenborg. In the municipal sewer system, the bought time in terms of longer lag times
may be enough for the receiving pipe-bound stormwater network to maintain some pressure relief.

Figure 6 along with Table 3 illustrate the basic concept behind the functionality and behavior of
SuDS in a full-scale urban catchment by demonstrating two straightforward examples under simplified
circumstances in which connectedness grows along a single pathway. Basically, the SCMs can be
visualized as a flow train of interconnected bowls with physical properties that, at least from theoretical
point of view, should be quantifiable. Once the properties have been determined, the functionality of
the flow train is set.

However, in contrast with the unique setups of the concept (Figure 6), each SCM in a real
implementation of mesoscale SuDS is assigned to a specific mini catchment varying in area and
characteristics. In addition to the local retention depth available (= storage depth in the freeboard,
S}b+ storage depth in the infiltration layer, Sj:” f) in the SCM, the area of the connected catchment
is also important in the overall retention performance of the SCM. It is also assumed that the effect
of evapotranspiration is negligible in case of short term individual rainfall events. Therefore, it is
excluded from the model. Consequently, in order to be able to compare the retention capacity of each
SCM, the effective retention of each SCM is calculated, according to Equation (3).

(St Shp) x Asey
R = DCIA ®)

in which R} is the effective retention capacity of the SCM i (mm), S}b is the storage depth in the
freeboard of the SCM (mm),an £ is the storage depth in the infiltration layer, Agc  is the area occupied

by the SCM (m?), and DCIA' is the directly connected impervious area to the SCM (m?). Please notice
that DCIA (mainly tile roofs and some asphalt in the Northern SuDS [21]) is used to simplify the model
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since it is anticipated that DCIA is the dominant parameter for runoff volume, which is reported by
Shuster et al. [19].

3.2. Remarks on the Schematized Augustenborg

The developed conceptual model is used to characterize the processes in the Northern and
Southern SuDS in Augustenborg. Figure 7 shows the conceptualized representations of Northern (top)
and Southern (bottom) SuDS in Augustenborg based on the effective retention depth (Equation (3))
of SCMs.

Figure 7. Conceptual illustration of Northern SuDS (top) and Southern SuDS (bottom) in Augustenborg.
Each SCM is represented as a circle. The size of the circle corresponds to the effective retention capacity
of the SCM, i.e., RL. Please notice that the SCMs belonging to the Northern SuDS are indexed with
Roman numerals while SCMs in the Southern SuDS are numbered with Arabic numerals. The size of
the circle representing SCM is an indicator of its effective detention depth (sizes are not proportionally
correct). The background picture is acquired from Google Earth.
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In Table 4, all the different SCMs have been systematically assigned names and properties
accordingly. The details of the characterized SCMs shown in Figure 7 are also presented in Table 4.
Equation (3) and Equation (4) were subsequently employed to build a model to estimate the discharges
from the SCMs along all the flow paths in the Northern and Southern SuDS. The model was built in an
Excel spreadsheet.

Table 4. Characteristics of the SCMs in the Northern and the Southern SuDS in Augustenborg.
The sequence of the SCMs with respect to flow path (upstream-downstream) is illustrated in Figure 7.

Storage, Infiltration anf SCM Area, Effective Retention,

. 2
System  SCM ID Siy (mm) (mm) Ascy (m?) DCIA (m?) Ri (mm)

SWI 5 5 740 7780 53

WP I 250 0 90 3920 5.7

WP II 250 0 200 1120 446

Northern | - yyp ppy 250 0 90 1620 139
SubDS SWII 5 15 240 3400 14
Dil 5 0 80 2100 02

WP IV 350 0 160 3500 16.0
GR1 0 %5 10,000 10,000 &5
WP1 200 0 140 8500 33

DP1 105 45 100 560 26.8

Di1 200 0 98 1685 116

WP 2 150 0 700 560 1875

Southern | - y\p 4 35 25 800 3150 152
SubS DP3 105 45 170 2760 9.2
INE. 2 0 25 800 1300 15.4
DP2 0 15 200 1180 25

INE 3 500 25 115 5460 111

DP 4 25 25 900 300 150.0

More information about the type of the implemented SCMs are shown in Figure 2 (also in
Appendix A). The information regarding the characteristics of the SCMs (S:fn % S}b, and Agc ) as well

as their corresponding mini catchment (DCIA) is collected from the hydrodynamic model of the area,
which was developed by Haghighatafshar et al. [11], the on-site measurements, and the GIS maps.
These parameters are relatively easy to estimate and can be measured on site.

As seen in Table 4, it is obvious that water ponds, (Dry Ponds and Wet Ponds) are the backbone of
the systems regarding effective retention, which account for a total effective retention depth of 80 mm
and 380 mm in the Northern and Southern SuDS, respectively. The second most important feature
in terms of effective retention are the infiltration areas that contribute with approximately 42 mm of
effective retention in the Southern SuDS. In case of infiltration areas, effective retention capacity in
most cases has two components, which include a storage volume that can be determined from the
geometrical properties of the basin and measured on site, and the infiltration capacity (i.e., the function
of the underlying soil properties).

The ditches and the swales, however, have a limited storage volume since they add up to 7 mm
and 12 mm of effective retention depth to the Northern and Southern SuDS, respectively. For the
observed rain events, these components act as connection nodes between the different ponds and also
provide a connected and diverse blue-green landscape. Despite relatively large retention at the most
downstream pond in the Northern SuDS (WP IV), a discharge is initiated as soon as rainfall depth
reaches around 7 mm. This rapid fill-up of retention capacity is due to the two upstream SCMs, i.e., Dil
and SW II, from which the discharged volume overrides the remaining free capacity in WP IV and leads
to a discharge. By comparing the conceptual approach with the onsite SCMs in the Northern SuDS,
it can be claimed that using swales with large DCIA as the backbone of SuDS for the conveyance of
runoff from upstream SCMs to downstream SCMs without introducing substantial retention structures
on the flow path leads to decreased overall effectiveness of SuDS in runoff reduction. This aligns with
findings of Qin et al. [34] who found that the retention capacity of swales is very limited and, therefore,
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is saturated quickly. Generally, ponds and infiltration basins with an overflow threshold (freeboard)
have a pronounced role in the overall runoff retention when compared to other SCMs.

At this point, it is important to make clear that, although different SCMs can relatively easily
be translated to effective retention volumes, the concept of SuDS needs to be studied through a
combination of SCMs to be understood and adopted by the city planners as well as the individual
house-owners. This is the key to the success of this technique. In order to better understand the
response pattern of the different combinations of SCMs, it is beneficial to expand our knowledge on
how SuDS as the flow train of different SCMs can be introduced in the best way.

At this stage, the conceptual model provides a better understanding of hydraulics that prevail
in mesoscale SuDS implementations, which can promote the required dialogue between different
actors at the planning phase. However, in the prospect of future studies, the concept can be further
developed to estimate the discharge hydrographs from mesoscale SuDS. A mathematically simple
representation of the hydraulics in mesoscale SuDS could result in computationally faster models.
Such fast models can then be used for large-scale simulations as an alternative to the computationally
costly and time-consuming 2-dimensional distributed hydrodynamic models. Fast and cheap models
are needed to study the upscaling effects of SuDS on the city-level.

4. Conclusions

Extensive rainfall-runoff measurements at two urban catchments with SuDS along with one
pipe-bound catchment were used to investigate the systems’ responses at different rainfalls. Runoff
measurements at the most downstream point of each catchment showed that, in contrast with the
SuDS, the flow from the pipe-system was directly affected by the rainfall intensity. However, the total
runoff volume was still a function of the total rain depth. In order to describe this transformation
that takes place in a SuDS, a conceptual model was introduced from the viewpoint of catchments’
runoff-equivalent impervious area. In the model, implementation of SuDS disintegrates the catchment
area into a group of discrete and disaggregated mini catchments. These mini catchments establish
connections with each other depending on the volume of the rain event. The dynamics of the conceptual
model demonstrated that the order and placement of different stormwater control measures within the
framework of SuDS with different retention capacities affects the overall performance of the system.
The conceptualization of SuDS establishes a new platform for further evaluation and discussion
of these systems at mesoscale. The model promotes the communication between urban planners
and water engineers. This, in turn, can lead to the design of SuDS in which hydraulic performance
alongside aesthetical and architectural quality is taken into consideration.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4441/10/8/1041/
s1, Figure S1: Rainfall A, Figure S2: Rainfall B, Figure S3: Rainfall C, Figure S4: Rainfall D, Figure S5: Rainfall E,
Figure S6: Rainfall F, Figure S7: Rainfall G, Figure S8: Rainfall H, Figure S9: Rainfall I, and Figure S10: Rainfall J.

Author Contributions: Conceptualization, J.J., H.A. and S.H. Methodology, S.H., KJ., and ].J. Investigation,
J.J. and H.A. Resources, K., ].J., and H.A. Data Curation, S.H. and H.A. Writing-Original Draft Preparation,
S.H. Writing-Review & Editing, S.H., ].J., H.A., and K.J. Supervision, K.J., ].J., and H.A. Visualization, S.H. Project
Administration, S.H. Funding Acquisition, K.J., J.J., and H.A.

Funding: This research was financially supported by VA SYD, Sweden Water Research, J. Gustaf Richert
Foundation (grant number 2015-00181) at SWECO as well as the Swedish Water and Wastewater Association
(Svenskt Vatten) via VA-teknik Sodra (grant number 15-108).

Acknowledgments: The authors thank the personnel at VA SYD for their practical support in the installation of
flowmeters and the collection of data. Tomas Wolf and John Hagg, VA SYD, are especially acknowledged for
their invaluable contribution to the setup and the maintenance of the measurement system. Professor Magnus
Larson, Division of Water Resources Engineering at the Department of Building and Environmental Technology,
Lund University is also sincerely acknowledged for his thoughtful input to the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

197



Water 2018, 10, 1041

Appendix A

Figure Al. The photos of some of the implemented SCMs in Augustenborg. Different types of SCMs
are shown in the figure as follows: (DP 4) dry pond, (Di I & 1) stormwater ditch, (SW I & II) swale,
(WP 2, II & IV) wet pond, (INF 3) infiltration basin, (GR) green roof. The major runoff directions in the
Northern and Southern systems are SW I — WP IV and GR — DP 4, respectively. Pictures for INF 3,
WP 2,Di1, and SW I & II are taken by Henrik Thorén (Rambell). Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantméteriet (2015).
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Abstract: An increasing number of people want to reduce their environmental footprint by using
harvested rainwater as a source for drinking water. Moreover, implementing rainwater harvesting
(RWH) enables protection against damage caused by increasing precipitation frequency and intensity,
which is predicted for Western Europe. In this study, literature data on rainwater quality were
reviewed, and based on Dutch climatological data the usable quantity of rainwater in the Netherlands
was calculated. For two specific cases, (1) a densely populated city district and (2) a single house in a
rural area, the total costs of ownership (TCO) for decentralized drinking water supply from harvested
rainwater was calculated, and a life cycle assessment (LCA) was made. For the single house it was
found that costs were very high (€60-€110/m?), and the environmental impact would not decrease.
For the city district, costs would be comparable to the present costs of centralized drinking water
production and supply, but the environmental benefit is negligible (<1%). Furthermore, it was found
that the amount of rainwater that can be harvested in the city district only covers about 50% of the
demand. It was concluded that the application of rainwater harvesting for drinking water production
in the Netherlands is not economically feasible.

Keywords: rainwater harvesting; footprint; lifecycle analysis; total cost of ownership; sustainability;
urban water management; drinking water

1. Introduction

Water utilities in the Netherlands observe a societal trend of an increasing number of people
adopting a more sustainable lifestyle and showing willingness to make personal efforts to reduce their
ecological footprint. Some of them consider rainwater harvesting (RWH) as one of the measures that
could significantly contribute to a more sustainable way of living. Rainwater is thought to be clean and
many people have the impression that rainwater is amply available in the Netherlands. As a result,
drinking water utilities are increasingly confronted with customers wishing to live “off-grid”, and to
use rainwater for the decentralized production of drinking water.

Climate change will result in an increasing frequency and intensity of precipitation in Western
Europe, and particularly in the Netherlands. It is also likely that the balance between dry and wet
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periods will change [1,2]. Existing urban drainage systems are based on a centralized approach, with
drainage networks that transport wastewater and storm water run-off away from the populated areas.
Urban drainage systems in the Netherlands are designed for a peak capacity of 20 mm rain in 1 h with
a repetition frequency of once per 2 years. It is expected that the present drainage capacity will not be
sufficient for future climatic conditions [1]. This will result in more frequent water at the street level
and associated nuisance, damage to property, and increasing health risks [3]. A potential solution to
cope with the effects of climate change is increasing storage capacity for rainwater in tanks or aquifers.
This is common practice in parts of Belgium for new buildings and after home improvement [4]. In a
recent study in Portugal, Bellu et al. [5] developed a framework model for a flood mitigation system
based on detention basins, which could retain river water during a flood. Teréncio et al. [6,7] studied
rainwater harvesting systems in the rural areas of the Ave River and Sabor River Basin in Portugal,
for controlling excess flows and floods on one hand, and using the water for agricultural purposes in
rural areas.

Collecting and storing rainwater in the urban environment also opens up opportunities for
re-using the rainwater as an alternative source for water applications within the city. Many cities in
the world already suffer water stress, and harvested rainwater can be an interesting supplemental
water resource in these areas. Rainwater harvesting is gaining much attention in the international
scientific community and among urban planners as an alternative source in integrated water resources
management (IWRM) programs. Important examples are the “sponge cities” in China [8,9] and the
large RWH initiatives in South Korea [10]. In Portugal, the dimensioning of a rainwater harvesting
system was optimized for low demanding applications, where water availability largely exceeds water
demand [11].

Many studies in international literature focus on the application of harvested rainwater for
non-potable applications such as toilet flushing, washing machines and garden watering. Studies
into rainwater quality and harvesting systems are described for the USA [12-14], Australia [15],
Malaysia [16,17], Spain [18-20], South Korea [21] and Mexico [22]. In general, the conclusions were
that the quality of the harvested water strongly depended on the type of roof material, the length
of the preceding dry period, the application of a first flush and general environmental conditions.
For application of harvested rainwater for drinking water production, it was found that a robust
disinfection treatment is required [12,15,17,18].

In the Netherlands, there is little experience with rainwater harvesting, as the availability of
fresh water has not yet been a problem. However, water utilities are increasingly confronted with
customers who want to decrease their environmental impact by preparing drinking water from
rainwater. Individual households may collect rainwater and use it for toilet flushing, but already in
the 1990s the safety of harvested rainwater was considered a point of attention [23,24]. In order to
study the effects, some large scale pilot investigations were carried out. At the moment, the Dutch
drinking water law does not allow the use of harvested rainwater for applications other than toilet
flushing. This prohibition was set in 2003, after hundreds of people became ill after drinking low-grade
household water, as a result of cross-connections between the drinking water and household water
network in one of the pilots [25,26]. In the Netherlands, only one quality of water is distributed, which
is used for all (potable) applications. The Dutch water sector has a proactive attitude towards societal
trends and their effect on delivered water services, and therefore has initiated research with a focus on
three specific questions: (1) what is known about rainwater quality in the Netherlands and/or Europe,
(2) does the amount of rainwater that can be harvested cover the local drinking water demand, and
(3) what are the costs, economic benefits and environmental impact in comparison with the centralized
conventional drinking water supply?

In this paper a feasibility study was described for the production of drinking water from harvested
rainwater in two Dutch situations: a densely populated city district area and a single house in the
rural area. We describe the results of a literature study on the quality of harvested rainwater, as there
are only limited data available for the Dutch situation. The water quality data found in literature
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were used to pr