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Marketa Šteflová, Steven Koop, Richard Elelman, Jordi Vinyoles and Cornelis Johannes Kees

Van Leeuwen

Governing Non-Potable Water-Reuse to Alleviate Water Stress: The Case of Sabadell, Spain
Reprinted from: Water 2018, 10, 739, doi:10.3390/w10060739 . . . . . . . . . . . . . . . . . . . . . 63

Lucı́a Benavides, Tamara Avellán, Serena Caucci, Angela Hahn, Sabrina Kirschke and

Andrea Müller

Assessing Sustainability of Wastewater Management Systems in a Multi-Scalar,
Transdisciplinary Manner in Latin America
Reprinted from: Water 2019, 11, 249, doi:10.3390/w11020249 . . . . . . . . . . . . . . . . . . . . . 79

Mounia Lahmouri, Jörg E. Drewes and Daphne Gondhalekar

Analysis of Greenhouse Gas Emissions in Centralized and Decentralized Water Reclamation
with Resource Recovery Strategies in Leh Town, Ladakh, India, and Potential for Their
Reduction in Context of the Water–Energy–Food Nexus
Reprinted from: Water 2019, 11, 906, doi:10.3390/w11050906 . . . . . . . . . . . . . . . . . . . . . 130

Shuhan Zhang, Yongkun Li, Meihong Ma, Ting Song and Ruining Song

Storm Water Management and Flood Control in Sponge City Construction of Beijing
Reprinted from: Water 2018, 10, 1040, doi:10.3390/w10081040 . . . . . . . . . . . . . . . . . . . . . 158

Bartosz Szeląg, Adam Kiczko and Lidia Dąbek 
Stormwater Reservoir Sizing in Respect of Uncertainty
Reprinted from: Water 2019, 11, 321, doi:10.3390/w11020321 . . . . . . . . . . . . . . . . . . . . . 169

v



Salar Haghighatafshar, Jes la Cour Jansen, Henrik Aspegren and Karin Jönsson 
Conceptualization and Schematization of Mesoscale Sustainable Drainage Systems: 
A Full-Scale Study
Reprinted from: Water 2018, 10, 1041, doi:10.3390/w10081041 . . . . . . . . . . . . . . . . . . . . . 185

Roberta Hofman-Caris, Cheryl Bertelkamp, Luuk de Waal, Tessa van den Brand, Jan Hofman,
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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

a relevant 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

ix
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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 www.mdpi.com/journal/water1
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• Introduction to urban water challenges;
• Integrated assessment methods;
• Water management practices; and
• Water governance strategies.

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),
Šteflová 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

3
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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–runoffmodel, 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.

4
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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.

IHP 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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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 2000–2015 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:

• 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 km3 per year to 2420 km3 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 m3 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 km3

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

IHP’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.

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

 

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

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

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

 

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
(IAHS) 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

holistic approach for the remediation and
conservation of surface waters, closely linking

science with policy and management need

Mr Anil Mishra
a.mishra@unesco.org

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

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

 

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

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

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

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 IWRM 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, UNESCO’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 UNESCO’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 São 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)
(Figure 1).

Figure 1. The Organisation for Economic Co-operation and Development (OECD) Principles on Water
Governance. Source: OECD (2015), OECD Principles on Water Governance [5].

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).

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):

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.
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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 IWRM, 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].

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.

34



Water 2018, 10, 682

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 km2 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/km2, 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/km2). 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

Social pressures

1. Urbanization rate
2. Burden of disease
3. Education rate
4. Political instability

Environmental pressures

5. Flooding
6. Water scarcity
7. Water quality
8. Heat risk

Financial pressures

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

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)

Overall 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

Framework

Five challenges: (1) water scarcity, (2) flood risk, (3) wastewater treatment, (4) solid waste treatment,
and (5) UHI. In each water challenge, 27 indicators are divided over nine broad categories:
1. Awareness
2. Useful knowledge
3. Continuous learning
4. Stakeholder engagement process
5. Management ambition
6. Agents of change
7. Multi-level network potential
8. Financial viability
9. Implementing capacity

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

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.
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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).

(a) 

(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.

Dimension Conditions Indicators
Water
Scarcity

Flood
Risk

Waste
Water
Treatment

Solid
Waste
Treatment

Urban
Heat
Islands

Knowing

1. Awareness
1.1 Community Knowledge 0 + 0 ++ 0
1.2 Local sense of urgency − + − 0 −
1.3 Behavioral internalization − + − + −

2. Useful
knowledge

2.1 Information availability + + 0 0 0
2.2 Information transparency + + 0 + +
2.3 Knowledge cohesion + + + + +

3. Continuous
learning

3.1 Smart monitoring + + + + 0
3.2 Evaluation + 0 0 + 0
3.3 Cross-stakeholder learning 0 0 + + 0

Wanting

4. Stakeholder
engagement
process

4.1 Stakeholder inclusiveness + + + + +
4.2 Protection of core values 0 + + + +
4.3 Progress and variety of options + 0 0 + +

5. Management
ambition

5.1 Ambitious realistic management 0 0 0 + 0
5.2 Discourse embedding 0 + 0 + +
5.3 Management cohesion 0 + 0 + 0

6. Agents of
change

6.1 Entrepreneurial agents 0 + + + 0
6.2 Collaborative agents 0 + + 0 0
6.3 Visionary agents − ++ + + 0

Enabling

7. Multi-level
network
potential

7.1 Room to maneuver − + + 0 0
7.2 Clear division of responsibilities 0 0 + + 0
7.3 Authority - + + + 0

8. Financial
viability

8.1 Affordability ++ 0 ++ + +
8.2 Consumer willingness to pay 0 - 0 0 -
8.3 Financial continuation 0 - 0 0 -

9. Implementing
capacity

9.1 Policy instruments 0 + + + +
9.2 Statutory compliance 0 + + + +
9.3 Preparedness + + + + +

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.

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 BCIs 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 BCIs 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 IWRM
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 (MgNH4PO4·6H2O) 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/m3 in 2013 [38].

On the contrary, the total annual charge of water services in Seoul is extremely low with
0.53 USD/m3 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/m3 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 IWRM 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
BCI 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.
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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].

51



Water 2019, 11, 292

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. Social pressures

1. Urbanization rate 1.725

2. Burden of disease 3

3. Education rate 2.45

4. Political instability 2.104

2. Environmental
pressures

5. Water scarcity

5.1 Fresh water scarcity 3

5.2 Ground water scarcity 1

5.3 Salinization and/or seawater intrusion 3

6. Flood risk

6.1 Urban drainage flood 1

6.2 Sea-level rise 0

6.3 River peak discharges 3

7. Water quality
7.1 Surface water quality 0.632

7.2 Biodiversity 1.28

8. Heat risk 0.4

3. Financial pressures

9. Economic pressure 3.54

10. Unemployment rate 4.1

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
Tertiary WWT

Groundwater quality

Solid waste collected

Solid waste recycled

Solid waste energy recovered

Access to drinking water

Access to sanitation

Drinking water quality

Nutrient recovery

Energy recovery
Sewage sludge recycling

WWT Energy efficiencyAverage age sewer
Operation cost recovery

Water system leakages

Stormwater separation

Green space

Climate adaptation

Drinking water consumption

Climate robust buildings

Management and action plans

Public participation

Water efficiency measures
Attractiveness

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

Category Indicators
Water

Scarcity
Flood
Risk

Wastewater
Treatment

1. Awareness

1.1 Community knowledge 0 ++ 0

1.2 Local sense of urgency + + ++

1.3 Behavioral internalization 0 + -

2. Useful
knowledge

2.1 Information availability + + ++

2.2 Information transparency 0 + +

2.3 Knowledge cohesion 0 + +

3. Continuous
learning

3.1 Smart monitoring + 0 +

3.2 Evaluation - 0 0

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

Category Indicators
Water

Scarcity
Flood
Risk

Wastewater
Treatment

4. Stakeholder
engagement
processes

4.1 Stakeholder inclusiveness - 0 0

4.2 Protection of core values 0 0 0

4.3 Progress and variety of options + 0 +

5. Management
ambition

5.1 Ambitious and realistic management 0 + ++

5.2 Discourse embedding - + +

5.3 Management cohesion + + +

6. Agents of
change

6.1 Entrepreneurial agents 0 + +

6.2 Collaborative agents ++ ++ ++

6.3 Visionary agents 0 + +

7. Multi-level
network potential

7.1 Room to manoeuver + + +

7.2 Clear division of responsibilities 0 0 0

7.3 Authority + + +

8. Financial
viability

8.1 Affordability 0 - -

8.2 Consumer willingness to pay + ++ ++

8.3 Financial continuation 0 - +

9. Implementing
capacity

9.1 Policy instruments 0 0 +

9.2 Statutory compliance 0 - +

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 m2 and Brownfield development sites < 50,000m2 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),

64



Water 2018, 10, 739

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

Knowing

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

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

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

Wanting

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

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

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

Enabling

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

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

9 Implementing capacity
9.1 Policy instruments
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 (IDÆA), 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

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 who may
result 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?
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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
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 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
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?
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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 m3 day−1 and 14,170 m3

day−1 respectively in 2017 [29]. Nonetheless, the total amount of treated non-potable water supplied
through the dual network is only around 274 m3 day−1.

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 Šteflová [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 day−1 ([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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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 l’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
[SR001]. 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-SR014]. 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 Universität 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

80



Water 2019, 11, 249

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 (lps), and the current average flow is ~25 lps.
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 m3 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 lps, and the current average flow is ~0.4 lps.
It discharges into a tank from where water is taken to irrigate a football field and agricultural plots.

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.
Avellán 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 IWRM [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 3c shows
the final version of the system model for the Panajachel site, resulting from the participative work at
the workshop.

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

2 Stakeholder input (assessment workshop) on locally
relevant data items and indicators Policies and regulations review

3 - Technical guidelines 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

1a Stakeholders chose the item during Assessment Workshop
P1PLUS (+)

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:

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

Data Type Criteria
Ranking

Red Yellow Green

Real number 10% tolerance MV > TH × 1.1 TH < MV ≤ TH × 1.1 MV ≤ TH

Percentage Range divided into 3
equal parts (33% each)

MV < 33% or
67% ≤ MV 33% ≤ MV < 67% 67% ≤ MV or

MV < 33%

Absolute values (e.g.,
yes/no questions)

No yellow range,
unless mentioned

otherwise

YES/NO
Present/Absent

Outside pH range
-

YES/NO
Present/Absent
Within pH range

Social variables
(dataset IIb) Scale 1 to 4 1 ≤ MV < 2 2 ≤ MV < 3 3 ≤ MV ≤ 4

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.

Subset Description Scales
Number of
Data Items

Dataset 0
Context

indicators

Understanding of context: geographical
location and characteristics, poverty and

employment indicators, etc.

50 data items
for 4 scales

01 WWTP 7
02 Municipal 18
03 Subcatchment 13
04 Watershed 12

Dataset I
Technical-

Environmental

Technical and environmental variables
(e.g., population served, chemical
parameters of water bodies and of

effluents, WWTP management)

380 data items
across 4 scales

01 WWTP 211
02 Municipal 31
03 Subcatchment 70
04 Watershed 68

Dataset II
Socio-Economical

Economic, financial, budget variables.
Dataset IIb useful to understand the

social acceptance of the system

IIa.
52 data items

for 4 scales

01 WWTP 16
02 Municipal 17
03 Subcatchment 7
04 Watershed 12

IIb.
10 data items,
across scales

Social space
(cross-scale) 10

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

Dataset 0
Context

01 3

Dataset 0
Context

01 1
02 3 02 0
03 4 03 0
04 5 04 0

Total 15 Total 1

Dataset I
Technical

Environmental

01 107
Dataset I
Technical

Environmental

01 98
02 15 02 15
03 15 03 55
04 18 04 18

Total 155 Total 186

Dataset IIa
Social-Economic

01 7

Dataset IIa
Social-Economic

01 8
02 5 02 8
03 0 03 0
04 3 04 5

Total 15 Total 20
Data IIb

Multi-scalar Social Total 10 Data IIb
Multi-scalar Social Total 10

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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(a) (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

Items
Found

% Found
Total
Items

Items
Found

%
Number of Items
Found and Useful

%

Dataset 0 1 1 100.00 1 1 100 - * - *
Dataset I 186 88 47.31 98 73 74.49 52 71.23
Dataset II 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

Items
Found

% Found
Total
Items

Items
Found

%
Number of Items
Found and Useful

%

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-
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

(TE)
15 0 33 48 31% 0% 69% 100% 0.38 G

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 lps 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 WWTPs 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.
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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
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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 (WEF), 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.

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 India.
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:

• Study the current and planned wastewater management;
• Investigate and analyze different scenarios of possible water reclamation with resource recovery;
• 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 CO2 and other
GHG to the atmosphere, such as Nitrous Oxide (N2O) and Methane (CH4) [18]. The Global Warming
Potential (GWP) is the index widely being used to compare the greenhouse effect of different gases.
CO2 has, by definition, a GWP of 1 [19]. CH4 contributes significantly to the greenhouse effect. Its effect
has a considerable lifespan of 12 years and a GWP of around 34 times higher than CO2 [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, N2O is increasing in the atmosphere at a rate of around
0.3% per year. With a GWP of 298 CO2-equivalent over a 100-year time horizon and a lifetime of
120 years, N2O 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 CO2. India’s electricity emissions increased from 901.7 g CO2/kWh in 2005 to 926 g CO2/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 (CH4) and nitrous oxide (N2O) emissions.

1.3.1. Sources of CH4 Emissions

The common sources of CH4 emissions in wastewater management are from sewers and from
WWTPs. CH4 emissions from sewers occur during conversion of organic carbon by methanogenic
archaea, which are microorganisms that can reduce CO2 with H2 to CH4 under anaerobic conditions,
released to the atmosphere through manholes and atmospheric discharge points. Both the CH4

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 CH4 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].

CH4 produced in WWTP is approximated to 0.85% of the influent COD [20]. While [28] reveal
a CH4 percentage of 75% as CO2 equivalent (CO2 eq) in the total GHG emissions from wastewater
management, [29] find that the proportion of CH4 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. CH4 sources from WWTP could include:

1. Dissolved CH4 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 CH4 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 CH4 is ultimately stripped;

3. CH4 gas produced in anaerobic digestion that escapes via gas piping leaks;
4. CH4 gas produced in anaerobic digestion that is not fully combusted in cogeneration [30] or

thermally destructed by flaring;
5. CH4 gas escaping from digested sludge storage facilities [29]; and
6. Anaerobic lagoon treatment systems.

1.3.2. Sources of N2O Emissions

The N2O emissions can occur from different sources. N2O 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 N2O person−1 year−1. N2O emissions can also emanate from biological wastewater treatment.
The proportion of N2O contribution to a WWTP’s total GHG emissions has been estimated to account
for 78% [29]. During biological wastewater treatment, N2O emissions can be the result of processes,
including nitrification and denitrification through the following pathways [32]: (1) Autotrophic
nitrification: (NH2OH) 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 N2. IPCC includes a
default emission factor for N2O from wastewater treatment, which only takes into consideration
the population, despite the various studies directly linking the N2O emissions and the operational
conditions of the wastewater treatment plant [33]. They should be accounted in the optimization
strategies of GHG emission minimization. N2O emissions from effluent discharge in receiving waters:
N2O 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 CO2, CH4, and N2O Emissions

Aside from CO2, CH4, and N2O 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 m3 and 1000 m3 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]:

• Several VSSF beds to remove organics and suspended solids and ensure nitrification; and
• 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−1. This causes higher than the average irradiance on horizontal surfaces
in India (5.6 kWh m−2 day−1) [72]. In Leh, the solar radiation available is of the same order (5.54
kWh m−2 day−1). 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:

• Lift the irrigation water from Indus river tributaries;
• Distribute drinking water to remote areas;
• 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 CO2 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]:

• Treated and disposed in situ;
• Stored temporarily and then emptied and transported to treatment off-site; or
• 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 m3/day within a built up area of 60 m2/m3. 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 CO2 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 (CO2), methane (CH4), and nitrous oxide (N2O), are expressed in CO2 equivalent (CO2 eq).
The conversion of CH4 and N2O emissions to CO2 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.

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

142



Water 2019, 11, 906

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:

• Assess the origin of their GHG emissions and their relative weight;
• Identify potential areas for improvement, regarding energy savings; and
• 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 m3 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:

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

• Spring water [87];
• 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 CO2 eq per year, with the biggest share from
the fuel used for pumping the water from the Indus River Aquifer (around 556 t CO2 eq per year),
followed by the water extraction from the borewells (83 t CO2 eq per year), and finally the water
tankers (17 t CO2 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 CO2 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 m3 of supplied water. The current scheme in Leh
shows the second highest value of GHG emissions per m3 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 m3 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:

• Fully centralized scheme
• Combined decentralized and centralized scheme
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• 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
N2O 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 CO2/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 CO2/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 N2O emissions than land application, it produces an important amount of CH4 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
CO2 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 CH4

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 CO2 eq (sub-scenario 1) and 510 t
CO2 eq for (sub-scenario 2).

The production of electricity through an internal combustion engine requires a pre-treatment
to remove traces of Hydrogen Sulfide (H2S) 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 CO2 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

146



Water 2019, 11, 906

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 CO2 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 VSSF. This can be explained by the higher CH4 emissions factor reported by [92] for the HSSF
(a median value of 7.4 mg CH4–C m−2 h−1) in comparison to the ones of VSSF with a value of 2.9 mg
CH4–C m−2 h−1. 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 m3 of treated wastewater in the pockets and in the areas
connected to the WWTP, the results of emissions per m3 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 CO2 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 CO2 eq, in comparison to the
on-site treatment of the generated wastewater (260 t CO2 eq) and the sludge transport to the FSTP
(260 t CO2 eq). The CH4 emissions from septic tanks are higher (92% of total emissions) than N2O
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 CH4 [112]. CH4 emissions from septic tanks are
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considered as a big contributor to global warming, since CH4 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 CH4

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 CH4 to CO2 [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 CH4 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 m3, 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.

Figure 3. GHG emissions per m3 of treated water in the 3 scenarios.

When comparing these in terms of GHG emissions per m3 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 CO2 eq. With a percentage of more than 20%, the share of installation
of the gravity sewage lines account for 625 t CO2 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 CO2 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 CO2 eq, whereas upscaling the construction of CWs for 120,000 people will lead to a total of
1153 t CO2 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 CO2 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,
Laödon, 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 CO2 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 CO2 eq per year. This is roughly equivalent to a value of 1.26 g CO2 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 CO2 eq per year. A decentralized
water reclamation with a resource recovery approach will, thus, allow a saving potential of 1744 t CO2

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 CO2 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 m3

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 CO2 eq) in comparison to an onsite water reclamation with resource
recovery scheme generalized to the whole town (46,365 t CO2 eq), or a centralized water reclamation
with resource recovery option through the WWTP (2177 t CO2 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 CO2 eq can be saved from using power grid electricity. Similarly, utilizing
the sludge for land application could provide a saving potential of 64 t CO2 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 CO2 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 CO2 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 CO2 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.

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:

(1) 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.

(2) 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].

(3) 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].

(4) 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.

(5) 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.

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 m3 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
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
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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 km2. According to “Beijing Basic Data Handbook for Safe Flood
Season” (2009), the area of urban rivers and lakes at present is 621.59 km2. The total maximum capacity
is 114.501 million m3, and the total normal water storage capacity is 9,861,800 m3, 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 m3/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 m3, 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 Xiaoqing 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 km2, 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 Dąbkowski 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 MES1 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
the runoff model.

 

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, tr)—reservoir inflow hydrograph for given rain duration time (tr) and occurrence probability
C, m = 1, 2, 3, . . . , N—subsequent Monte Carlo simulations with varying parameters
[α,dimp, dperv, nimp, nperv, nn, γ, β], for which reservoir inflow hydrograph is compute,
Qout,max—maximal allowed outflow form the reservoir, V(C)max—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 (tr) in order to determine the extremum of variability of V = f (C, tr, Qout,max)

and to determine the duration of the determining rain, where V → max{(C, trd, Qout,max)} (where:
trd—design rainfall event). The values of the outflow from the retention reservoir (Qout,max) and the
determined accumulation capacities V(C)max were normalized by reference of the above variables to
the impermeable area of the catchment (Fimp) and determination of the unit capacity index (Vq) and
unit outflow (q).
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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 = Hmax, the outflow value
Qout ≤ Qout,max (design flow) does not lead to overloading of the stormwater treatment plant.
Exceeding the Hmax 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 Pmax and tr 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:

P(Q/Θ) =
L(Q/Θ)·P(Θ)∫

L(Q/Θ)·P(Θ)d(Θ)
(1)

where P(Θ) denotes a priori parameter distribution, L(Q/Θ) likelihood function, and P(Q/Θ) 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]:

L(Q/Θ) = exp

[
−∑N

i=1
(
Qi − Q̂i

)2

κ·σ2

]
(2)

with Qi and Q̂i standing for modeled and observed discharge in the time step i, σ2 the variance of the
model residua, κ the factor used to control the variance of the a posteriori distribution. The value of the
κ 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 Q̂i 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 (tr) and the frequency of its occurrence (C), which can be generally
written with the relation:

J = f(tr, C, ξ) (3)

in which ξ—regional parameter differentiating the variability of the obtained curves, J—mean rain
intensity in dm3·(ha·s)−1, expressed as J = 166.7·Pmax.

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

Pmax = 1.42·t0.33
r + ξ(R, tr)·(−lnp)0.584 (4)

where tr—duration of rain (min), p—probability of rainfall exceeding (p = 1/C), ξ(R, tr)—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
Świętokrzyskie Voivodship and the city of Kielce, the values of parameter ξ are determined on the
basis of equations:

ξ(R.tr < 120 min) = 4.693· ln(tr + 1)− 1.249 (5)

ξ(R.tr < 1080 min) = 2.223· ln(tr + 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 tr = 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:

dV(t)
dt

= S·dH(t)
dt

= I(t)− Q(t)out (7)

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)out—outflow from the reservoir, with
negligible error that can be assumed to be constant [36].

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 (α) for the flow
path of width (Wj), coefficients (dimp; dperv) for the retention depth of impervious and pervious areas,
coefficients (nimp; nperv) of roughness of impervious and pervious areas, coefficients (nn) of roughness
of sewer, coefficient (γ) for the share of impervious areas (Impj) in the whole catchment area, coefficient
(β) for the average slope of a partial catchment (Ij). 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 = α·A0.5. The values of coefficients (β, γ) are used to correct the value of the sealed area (Impj)
and the slope of the catchment (I = β·Ij), 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 (α) - 2.7–4.7
Retention of impervious areas (dimp) mm 0.8–4.8

Retention of pervious areas (dperv) mm 0.8–6.8
Roughness coefficient for impervious areas (nimp) m−1/3·s 0.01–0.022

Roughness coefficient for pervious areas (nperv) m−1/3·s 0.16–0.20
Roughness coefficient of sewer channels (nn) m−1/3·s 0.01–0.048

Correction coefficient for percentage of impervious areas (γ) - 0.7–1.275
Correction coefficient for sub-catchments slope (β) - 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 tr = 107 min and
Ptot = 9.2 mm, volume of runoff Vtot = 2221 m3), and 7 August 2011 (tr = 60 min; Ptot = 8.6 mm,
volume of the runoff Vtot = 1733 m3), events [37]. The scaling factor κ 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 α, nperv, nimp, dperv, and γ, 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, dimp, β, and nn (Figure 3d,f,h).
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 β 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 tr = 270 min and Ptot = 16.5 mm, which results in rainfall intensity q = 10.19 dm3·(ha·s)−1 at
the volume of Vtot = 3415 m3 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 tr = 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 m3·s−1), capacities of retention reservoirs were determined, thus obtaining
a probabilistic solution and determining for individual values of V(tr, C, q) the mean value and 95%
confidence interval, respectively.
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(d) (e) (f) 

  

 

(g) (h)  

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 Vq = f (tr) for selected values of q was first
determined; an example of the dependence Vq = f (tr) for C = 5 and q = 17 dm3·(ha·s)−1 and q = 6
dm3·(ha·s)−1 is shown in Figure 5.

Figure 5. Influence of the unit outflow from the reservoir (q) and the time duration rainfall (tr) on the
unit accumulation capacity (Vq), 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 Vq = f (tr) and by
the dependence of Vq = f (q, 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 Vq values illustrated in Figure 5.
Due to the fact that curves in Figure 5 were prepared for selected values of q, 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 tprob

rd and tdet
rd 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 q = 6 dm3·(ha·s)−1 and

q = 17 dm3·(ha·s)−1, 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 (tdet

rd ) is shorter than the value obtained in the probabilistic one

(median)—tprob
rd . In the first solution for q = 17 dm3·(ha·s)−1, the trd value is 56 min and is 19 min

shorter than in the second one, and the tprob
rd
tdet
rd

ratio is 1.33, while for q = 6 dm3·(ha·s)−1 the shift between

rain duration in the considered solutions is shortened to 8 min and the tprob
rd
tdet
rd

of 1.09 decreases accordingly.

The obtained result indicates that the smaller the unit outflow from the reservoir (q), 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

reservoir capacity selection and its operation, on the basis of the obtained results the tprob
rd
tdet
rd

= f (q, C)

and
Vprob

q

Vdet
q

= f ( tprob
rd
tdet
rd

, C) curves were prepared and shown in Figures 6 and 7.

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 (q) and the rainfall frequency (C). The results of calculations
shown in Figure 6 showed that the highest relative difference between the trd time obtained in the
deterministic and probabilistic solution was obtained for q = 21 dm3·(ha·s)−1 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 = 5 and C = 2, and is 1.15. A further increase in the unit value of the outflow from the reservoir (q)
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 tprob

rd values in relation to the
deterministic solution defines the area of operation of the reservoir, in which it is most exposed to
potential underestimation.

 

Figure 7. Influence of relative shift between probabilistic and deterministic solution and unit reservoir
capacities (Vq).

Taking into account the above considerations, the variability of
Vprob

q

Vdet
q

= f ( tprob
rd
tdet
rd

, C), allowing for

determination of the effect of the relative shift between the trd 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
tprob
rd
tdet
rd

corresponding to q = 15 dm3·(ha·s)−1 (C = 2–10) leads to a decrease in the relative difference in

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

reaches the value equal to
Vprob

q

Vdet
q

= 0.8. As a result of a decrease in the tprob
rd
tdet
rd

value, which is related to the

increase in the outflow from the reservoir (Figure 5), the
Vprob

q

Vdet
q

quotient decreases further, the value of

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.
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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 (q) on
the unit maximum accumulation capacity (Vq) at preset values C for the design rainfall duration (trd).
The calculations done showed that the size of the unit storage capacity of the reservoir (Vq) 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 Vq = f (tr, C) in Figure 8. This result indicates that the unit storage capacity of
the reservoir (Vq) 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.

Figure 8. Influence of the unit outflow from the reservoir (q) and the rainfall frequency (C) on the unit
accumulation capacity (Vq), 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 Vq = f (q, C) indicates an increase in the relative unit difference
of reservoir capacities obtained in deterministic and probabilistic solutions, depending on the value of
q. For example, for C = 2 an increase in the value from q = 6.8 dm3·(ha·s)−1 to q = 13.7 dm3·(ha·s)−1

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 (q)
leads to a reduction in the required unit accumulation capacity (Vq). 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, q 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 dm3·(ha·s)−1, 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 q, 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 q 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 (q), 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;
dperv retention depth of pervious areas in the runoff model, mm;
Fimp impermeable of the catchment, ha;
H(t) reservoir depth, m;
Hmax 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/Θ) likelihood function;
nimp roughness coefficient for impervious areas in the runoff model, m−1/3·s;
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nn roughness coefficient for sewer channels in the runoff model, m−1/3·s;
nperv roughness coefficient for pervious areas in the runoff model, m−1/3·s;
P(Θ) denotes a priori parameter distribution;
P(Q/Θ) the a posteriori distribution;
Pmax maximum rainfall depth, mm;
Ptot rainfall depth in an episode, mm;
p 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; dm3·(ha·s)−1

S surface area of the reservoir in the projection, m2;
tr rainfall duration, min;
tdet
rd design rainfall event—deterministic solution, min;

tprob
rd design rainfall event—probabilistic solution, min;

Vq unit capacity index, m3·ha−1;
Vdet

q unit capacity index—deterministic solution, m3·ha−1;

Vprob
q unit capacity index—probabilistic solution, m3·ha−1;

Vtot volume of runoff, m3;
W flow path width in the runoff model, m;
α coefficient for flow path width in the runoff model;
β correction coefficient for the percentage of impervious areas;
γ correction coefficient for subcatchments slope in the runoff model;
κ the factor used to control the variance of the a posteriori distribution.
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szeregów czasowych opadów deszczów [Stormwater Reservoir Dimensioning Based on Synthetic Rainfall
Time Series]. Ochr. Srod. 2013, 35, 27–32. (In Polish)

13. Xie, J.; Wu, H.; Li, H.; Chen, G.A. Study on storm-water management of grassed swales and permeable
pavement based on SWMM. Water 2017, 9, 840. [CrossRef]
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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].

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 Malmö. 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 Malmö as part of the drainage system. A list
of the implemented SCMs/SuDS in Malmö was presented by Haghighatafshar et al. [18]. The most
prominent of these implementations is the neighborhood Augustenborg in Malmö, 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 Malmö, 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 Malmö.

187



Water 2018, 10, 1041

 

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 CPN, CPP-B, and CPS 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 A1. Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmäteriet (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 Nordlöf [21].
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Table 1. Distribution of different types of surfaces in the catchments in Augustenborg extracted from
Reference [21].

Surface Type
Pipe-Bound Northern SuDS Southern SuDS

ha % ha % ha %

Tile roof 0.5 15 1.7 27 1.7 17
Asphalt/Concrete 2.0 56 1.5 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 3.5 100 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 (CPN)). 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.

Figure 3. Hyetograph over the period of the study.
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Table 2. Calculated REIAs and their corresponding contribution coefficients for 10 rain events.

Rainfall
Event ID

Rainfall
Depth
(mm)

Rainfall
Duration

(h)

Vout (m3) Contribution Coefficient—Equation (2) (-)

Pipe-System
(3.5 ha)

Northern
SuDS (6.3 ha)

Southern
SuDS (9.5 ha)

Pipe-System
(3.5 ha)

Northern
SuDS (6.3 ha)

Southern
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 13.4 2.18 189.55 107.78 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 22.7 268.9 164.49 93.75 0.57 0.27 0.11
I 22.6 4.15 273.23 258.04 215.89 0.48 0.35 0.20
J 28.4 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).

REIA =
Vout

R
(1)

in which REIA is expressed in m2, Vout is the total volume of the observed runoff outflow at the most
downstream point (m3), 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)).

Contribution coe f f icient =
REIA
TIA

(2)
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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 Dahlström (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.

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 (Vout) 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].

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 Nordlöf [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 × 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.

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 × V) is saturated in capacity, which is when the rain depth exceeds 1 × 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
Depth
(mm)

Scenario X Scenario Y

Active Links Discharge
(mm)

Contributing
Area Active Links Discharge

(mm)
Contributing

Area

<1 × V - - - - -
2 × V - 1 × V A a - -
3 × V - 2 × V A a, b - -
4 × V d 4 × V 2 × A a, b, c - -
5 × V d 6 × V 2 × A a, b, c, d - -
6 × V d, c 9 × V 3 × A a, b, c, d 5 × V 5 × A
9 × V d, c, b 20 × V 4 × A a, b, c, d 20 × V 5 × A

10 × V d, c, b, a 25 × V 5 × A a, b, c, d 25 × V 5 × 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 × V mm is applied on the
system while all rainfalls up to 5 × 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 × 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,
Si

f b+ storage depth in the infiltration layer, Si
in 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).

Ri
e =

(Si
f b + Si

in f )× Ai
SCM

DCIAi (3)

in which Ri
e is the effective retention capacity of the SCM i (mm), Si

f b is the storage depth in the

freeboard of the SCM (mm),Si
in f is the storage depth in the infiltration layer, Ai

SCM is the area occupied

by the SCM (m2), and DCIAi is the directly connected impervious area to the SCM (m2). 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., Ri

e. 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.

System SCM ID
Storage,

Si
fb (mm)

Infiltration Si
inf

(mm)

SCM Area,
ASCM (m2)

DCIA (m2)
Effective Retention,

Ri
e (mm)

Northern
SuDS

SW I 5 15 740 2780 5.3
WP I 250 0 90 3920 5.7
WP II 250 0 200 1120 44.6
WP III 250 0 90 1620 13.9
SW II 5 15 240 3400 1.4
Di I 5 0 80 2100 0.2

WP IV 350 0 160 3500 16.0

Southern
SuDS

GR 1 0 45 10,000 10,000 45
WP 1 200 0 140 8500 3.3
DP 1 105 45 100 560 26.8
Di 1 200 0 98 1685 11.6
WP 2 150 0 700 560 187.5
INF. 1 35 25 800 3150 15.2
DP 3 105 45 170 2760 9.2
INF. 2 0 25 800 1300 15.4
DP 2 0 15 200 1180 2.5
INF. 3 500 25 115 5460 11.1
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 (Si

in f , Si
f b, and Ai

SCM) as well

as their corresponding mini catchment (DCIAi) 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., Di I
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.
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Appendix A

Figure A1. 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, Di 1, and SW I & II are taken by Henrik Thorén (Rambøll). Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmäteriet (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/m3), 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. Terêncio 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 propose a robust water treatment that would be required to guarantee the production
of safe drinking water. In case such a treatment process would actually be built, experimental data
on water quality would have to be gathered to determine the optimum treatment process. In this
study, the quantity of rainwater that can be harvested in the Netherlands was determined. For two
specific cases, a city district and a single house in a rural area, the total cost of ownership (TCO) for
decentralized drinking water supply from harvested rainwater was calculated. Furthermore, a life
cycle assessment (LCA) was made for both situations. Other applications than drinking water were
not taken into account within this study.

2. Methods

A literature study was carried out on rainwater quality, as only very limited data are available
for the Dutch situation. With respect to quantitative aspects, data of the Royal Dutch Meteorological
Institute (KNMI) for the Netherlands between 2006 and 2016 were studied [27] and combined with
data on the average use of drinking water [28].

Six different scenarios were studied, two for the city district and four for the single house. Details
of these scenarios are shown in Table 1. All scenarios were based on either reverse osmosis (RO) or
advanced oxidation (UV/H2O2). In this way a double disinfection barrier was realized in order to
be able to guarantee safe drinking water. For the city district it was assumed that water would be
collected in an open pond, but as a large open pond near a single house may not be practical, scenarios
with either an open pond or a closed tank were calculated.

The dimensions of the ponds and collection and storage tanks were estimated based on the
assumptions that it would have to be possible to collect two heavy showers within 24 h, and that
sufficient drinking water should be available to cover a period of 6 weeks of drought period.

The total costs of ownership (TCO) method calculates the total capital costs and operational
costs for a chosen evaluation period (TCO = investment costs + operating costs + maintenance costs +
residual value). In this case, a period of 20 years was taken into account with an interest rate of 1.5%.
For the cost calculations, a handbook for the calculation of small treatment processes was used [29].
Detailed information of the process steps, investments, building, energy, chemical costs, and so on
are shown in Table S1 in the supplementary information. According to the model, the uncertainty
in cost calculations is about 30%. This was determined by validation of the model with real capital
and operational costs of a large number of full scale installations for drinking water production in
the Netherlands that actually have been built and are in operation. A life cycle analysis (LCA) can
be used to determine the environmental impact of urban water systems [30] and water treatment
processes [31–35]. An impact calculation was made by applying SimaPro 8 software, applying the
ReCiPe endpoint (E) [36] and impact data from the EcoInvent 3.0 database for consumables (i.e., energy
and chemicals). In this way, results were obtained covering a wide range of environmental impacts,
including climate change effects on ecosystems and human health, fossil and metal depletion, human
toxicity, terrestrial, marine and fresh water ecotoxicity, particulate and chemical oxidant formation,
urban and agricultural land occupation and natural land transformation. All impacts have been
weighed by a panel of experts resulting into one single score expressed in ecopoints per functional
unit, with the total yearly impact of one western European person being about 1000 ecopoints [37].
In this study, the functional unit was 1 m3 of produced drinking water. Effects were calculated for both
a small scale and a larger scale installation, and for different types of processes. As such, the results
can be regarded as a sensitivity analysis on both scale and type of process.
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The CO2 footprint was calculated using the “single issue, greenhouse gas protocol” according to
the international greenhouse gas protocol of the UNFCCC (United Nations Framework Convention
on Climate Change) [38]. The CO2 footprint (expressed as CO2 equivalents = kg CO2/m3 drinking
water) is calculated as the sum of fossil and biogenic CO2 emissions and CO2 from land transformation
minus the CO2 uptake. For the LCA, only consumables were taken into account, as it would be
impossible to compare the impacts of buildings, installations and networks that differ in age by many
decades and have been made from several materials. Consumables partly refer to the use of energy for
pumps, membrane installations, and UV reactors. Here, we assumed that green energy (wind energy:
electricity high voltage [NL]|wind, <1 MW turbine, onshore|Alloc Def S) was used, as all drinking
water utilities in the Netherlands already use green energy. Furthermore, the use of chemicals and
other compounds (activated carbon, sand, CaCO3, H2O2, antifouling agents, etc.) were considered.
The impact of all parameters was obtained from the EcoInvent database. The LCA included only
consumables, such as energy, chemicals and materials (NaOH, HCl, CO2, CaCO3, H2O2, activated
carbon, sand, etc.). Installations, buildings and networks were not taken into account. The impact of
the centralized drinking water production was calculated from the following process [39]:

Water intake, coagulation by means of FeCl3 and NaOH, sedimentation, filtration, infiltration,
rapid sand filtration, ozonation, softening (by adding calcite and NaOH), pH correction by addition
of HCl, filtration over activated carbon and aeration, addition of NaOH, and slow sand filtration.
The total installed production capacity of the production site in Amsterdam was 12,000 m3/h.

3. Results and Discussion

3.1. Rainwater Quality

In the Netherlands little data are available on rainwater quality, and therefore a literature search
was carried out for quality data in other countries. In water, two types of contaminants can be
distinguished: (a) chemical (either dissolved or suspended) and (b) microbiological. The uptake of
contaminants occurs from the moment the raindrops leave the clouds. According to Grömping et
al. [40], over 90% of atmospheric contaminants are removed by means of wet deposition. Although
many ions present in rainwater are of natural origin (e.g., sodium, calcium and chloride) there also
are anthropogenic contaminants like sulphate, nitrate, phosphate, ammonium, traces of iron, copper,
cadmium, manganese, lead, zinc, nitrite, bromate and fluoride [41–48]. Concentrations are generally
low, and in most cases below the Dutch standards for drinking water [49]. A comparison between
some literature data [13] and both Malaysian and Dutch drinking water standards is shown in Table S2
in the Supplementary Information. In Tables S3–S6, analytical data from various countries in the world
are summarized. The Dutch situation would be comparable to the situation in surrounding European
countries like France (Paris city center and Île de France, department Ain, Seine Maritime in Normandy
and a rural village), Ballinabrannagh in Ireland, Exeter in the UK and Bayreuth, Germany [50]. From the
data it can be concluded that the variation in water-quality data in a certain area is similar in general
to the variation between data from different areas all over the world. Furthermore, it can be concluded
that for certain parameters, like heavy metals, treatment would be required, depending on local
standards. The contents of iron, manganese and zinc in harvested rainwater may well be too high, but
to which level concentrations would have to be decreased would be dependent on local legislation.
In Malaysia, the standard for iron is 300 μg/L, whereas in the Netherlands this is 200 μg/L. On the
other hand, the Malyasian standard for copper is 1000 μg/L, which is lower than the Dutch standard
of 2000 μg/L. In comparing international treatment processes for harvested rainwater, it should be
kept in mind that differences in local standards would affect the proposed treatment processes. In most
investigations, inorganic compounds were measured, but Cindoruk and Ozturk [51] showed that
organochlorine pesticides can be found in rainwater in several places in the world, and the presence of
polycyclic hydrocarbons was demonstrated by Göbel et al. [52] and Angrill, Petit-Boix, Morales-Pinzón,
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Josa, Rieradevall and Gabarrell [18]. An overview of the concentrations generally found in rainwater
is shown in the Supplementary Information Tables S3–S8.

Problems with water quality mainly arise from contamination during the collection of water, when
the rainwater is in contact with hard surfaces. These surfaces are often covered with contaminants
from dry (e.g., dust) and wet precipitation (rain, fog, snow, etc.), animal urine and feces and plant
debris, which end up in collected rainwater [14,17]. Also, because of the often acidic character of the
water, metals and carbonate from roof material may dissolve [48,52,53]. As a result, the quality of the
water collected from roofs is generally worse than that of the rainwater itself. Factors that affect the
influence of the roof are the type of surface (a rough surface in general contains more contaminants
than a smooth surface), and the angle and direction of the roof [50]. An overview of physico-chemical
parameters and concentrations of ions, heavy metals and microbiological parameters in harvested
rainwater is given in the Supplementary Information Tables S3–S8. In general, the pH ranges between
6 and 9, and TOC concentrations are low (mostly ≤ 10 mg/L, sometimes 10–20 mg/L), although
sometimes, like in Ain in France, high values up to 8800 mg/L are reported (see Table S5 in the
Supplementary Information). The inorganic content (Cl−, Na+, SO4

2−, NO2
− and NO3

−) of harvested
rainwater is also low, and all data are far below the standards for drinking water. Table S7 shows the
concentrations of a number of heavy metals in harvested rainwater. These may occur from the settling
of aerosols on the roof and dissolution of roofing and water collection materials. Most values in Table
S7 are well below drinking water standards, except for the lead concentrations, which may exceed
drinking water standards.

The microbial contamination of water is especially a problem if the water is to be used as drinking
water, as shown in Tables S2 and S8. As this problem occurs in all rainwater harvesting systems, it can
be assumed that also in the Netherlands adequate disinfection would be required. In many cases, the
number of bacteria (strongly) exceeds the standards for drinking water. Health risks appear to be
related to bad material selection and maintenance of the rainwater harvesting system. If the wrong
material is selected for the roof and plumbing, either heavy metals may dissolve into the water, or
microorganisms may be able to grow on it. Regular cleaning of the equipment would prevent the
presence and growth of microorganisms. Two sources of contamination have to be distinguished:
(1) direct contamination of the harvesting surface and system, and (2) regrowth of bacteria in the
storage tank. A robust disinfection is a prerequisite for use as a source for drinking water [12,15,17,18].
According to an investigation by Boogaard and Lemmen [54], similar results were obtained for collected
Dutch rainwater.

In order to improve the quality of harvested rainwater, a “first flush” could be applied, in
which the first amount of rainwater is disposed of, as this contains the highest concentrations of
contaminants [17,20,21,45,50,55,56]. How large the first flush should be would depend on the situation;
the type and location of the roof have an effect, but also the length of the antecedent dry period, as
during this period contaminants accumulate at the roof. In general the first 0.1 to 3.8 mm (for horizontal
roofs covered with gravel) have to be disposed of to reach a good quality [14,17,20,21,45,48,50,55,56].

As literature data from Europe and densely populated areas show large similarities, it can be
assumed that the quality of harvested rainwater in the Netherlands would be similar to the qualities
described in literature. This means that for drinking water applications, a robust treatment, especially
disinfection, would be required.

3.2. Quantity of Rainwater

Data of 25 meteorological weather stations and 325 stations for deposition measurements across
the Netherlands, gathered between 2006 and 2016, were studied [27]. During this period the yearly
amount of rain increased from 814 mm to 856 mm due to the occurrence of more heavy showers.
The amount of water that can be harvested depends on the run-off coefficient: the ratio of rainwater
that can be harvested to the total amount of rainwater that falls on a roof. This factor depends on the
type and angle of the roof, the dominant wind direction, the intensity of the showers and the amounts
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of water that are “lost” as a result of evaporation or leakage. The run-off coefficient varies between
0.7 and 0.95, with an average value of about 0.8 [20]. If both the run-off coefficient and a first flush of
2 mm are applied to the deposition data, the percentage of rainwater that can actually be harvested
appears to be about 50%, as shown in Table 2. The data in Table 2 refer to the weather stations shown
in Figure 1. For these calculations, all showers with rainfall below 2 mm (the first flush), were not
taken into account. The total amount of rainfall appeared to be practically the same over the whole
country. In some parts of the country, like Nieuw Beerta, however, relatively more small showers
occurred, as a result of which a larger part of the total rainfall was discarded. However, in general it
was concluded that the differences in type of rainfall over the country were small.

Table 2. Part of rainwater that could effectively be harvested, calculated for weather stations across the
Netherlands, as shown in Figure 1.

Location in the Netherlands (City) % of Rainwater that Could Effectively Be Harvested

Vlissingen 48
De Bilt 51

Maastricht 49
Twente 48

De Kooy 48
Nieuw Beerta 46

Average 48

 

Figure 1. Weather stations across the Netherlands.

In the Netherlands, the average roof surface is 60 m2, and the average house is inhabited by 2.2
persons [57,58]. On average, a Dutch person uses 119 L of drinking water per day, or 95.6 m3 per family
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per year (see Supplementary Information Table S9) [28]. If the first flush is disregarded, about 41 m3

may be harvested on 60 m2 of roof surface, which is far from enough to cover the total water demand
of about 95.6 m3. Besides, part of the summer rainfall occurs in large showers (requiring relatively
large collecting tanks), which alternate with periods of up to six weeks of drought. This means that it
is important that the capacity of the pond or basin is large enough to collect the large showers, but also
that the storage basins for treated water are large enough to bridge periods or drought, depending
on the season. Water saving showerheads, taps and toilet cisterns are common in the Netherlands
and already contribute to the reduction of water use. Further decrease of the water demand could be
achieved by active systems such as vacuum toilets and recirculation showers, but these are still very
expensive. To come into the range of a water supply fully based on rainwater harvesting, a further
radical reduction of water consumption is necessary. For instance, by applying a waterless toilet,
a saving of approximately 29% of the water demand could be achieved, and another 25% reduction of
water demand for showering would be necessary to enable self-sufficiency. Both measures would lead
to a total water demand of 72 L/p/day, which could be covered by RWH.

From the above it is concluded that rainwater harvesting for an average Dutch dwelling is not
providing enough water to realize a self-sufficient drinking water supply system.

3.3. Sustainability and Cost-Effectiveness of Rainwater Harvesting in the Netherlands

The preceding paragraph showed that the amount of rainwater that can be harvested on Dutch
roof tops is not sufficient to cover the drinking water demand in general. However, to explore the
possibilities in more detail, costs and environmental impact of rainwater harvesting were calculated
for two cases:

1. A new city district, being developed in urban Amsterdam, considering all rainwater from paved
and built surfaces, in order to also decrease negative effects from heavy showers, like flooding,
and overcharge of the sewer system.

2. An individual house in the peri-urban area of Amsterdam, assuming that in this case the roof
area would be large enough to cover the drinking water demand of the inhabitants.

For the city district the calculations were based on city government’s plans for layout of the
area [59]. The surface area of the new district, which is to be located on an artificial island in the IJ
lake, is 13,000 m2, and will comprise 1300 unit (partly single houses, partly apartment buildings).
As probably the total roof area would be too small due to the presence of multi-story apartment
buildings, it was assumed that rainwater from all built and paved surface areas could be harvested (a
best case scenario). According to literature, the quality of this rainwater still should be better than the
quality of surface water, which may contain wastewater treatment plant effluent [18]. This effluent
in general still contains pharmaceutical residues, microbial contaminations, etc. The total built and
paved surface area in this district is expected to be 93,600 m2. Based on the meteorological data and
an average run-off coefficient of 0.8, approximately 685 mm of rainfall could be harvested. Thus, it
can be calculated that a maximum of 64,000 m3 of water may be harvested in this district, collecting
all rainfall on paved and built surfaces. This amount would cover about 51% of the drinking water
demand of the planned number of inhabitants at the current rate of water use.

Combining rainwater harvesting with the regular central drinking water production and
distribution as a backup system would solve this problem. However, in order to be able to deliver
sufficient water at any moment (including periods with a shortage of rain and empty rainwater storage
tanks or reservoirs), the capacity of the treatment process and network would have to be identical to a
regular system. As a result, no savings could be realized on investments for central drinking water
treatment, but the water volume produced by the central system on average would be smaller due
to the use of rainwater harvesting, resulting in higher costs per m3 for the regular drinking water.
A negative side-effect of this system would be that the residence time of water in the drinking water
network would increase because the demand for centrally produced drinking water is low in times
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that decentralized rainwater harvesting could be used. This may result in a lower water quality [60].
Thus, a combination of a “regular” central network with decentralized rainwater harvesting system
results in higher drinking water costs per m3 and possibly lower qualities of drinking water.

For the second case, the individual house in the rural area, it was assumed the total roof area
would be large enough to be able to harvest sufficient rainwater for the residents. Houses in the rural
areas in general are larger, and often there are also outbuildings like barns and stables.

For both the city district and the single house, TCO were calculated (see Table S1 in the
Supplementary Information). Two treatment processes, based on either reverse osmosis (RO) or
advanced oxidation (UV/H2O2) were taken into account. This was done to have a double disinfection
step, and to be able to remove any micropollutants that may have been present due to industry, traffic
and possibly agricultural emissions. An additional requirement was that the produced drinking water
had to be supplied without chlorine disinfection, similar to the current Dutch drinking water supply.
Analyses results only become available after 24 h after potential contamination, meaning that, as water
is consumed immediately after production, there is a risk that contaminated water would be consumed
prior to the detection of the contamination. Therefore, it was decided that a robust treatment system is
needed to deal with any pollutants that may occur, especially since water harvested from parking lots,
pavements and roads would have to be treated. A detailed description of the total processes is given
in Table 1.

For the city district, it was suggested to collect rainwater in an open pond. In a closed basin,
water quality would become anaerobic and deteriorate quickly, as a result of which the water would
have to be treated shortly after collection, resulting in a large treatment and storage capacity. With an
open pond this would be less important, as water could be treated continuously over a longer period.
Naturally, the water quality here too would deteriorate as a result of dust and contaminants from the
surroundings, but the treatment process could be adjusted to this, as is the case with surface water
used as a source of drinking water. In order to be able to harvest the maximum amount of water, and
to prevent nuisance from heavy rainfall, the volume of this pond should be 14,000 m3, or, at a depth of
4 m, it would require an area of about 3500 m2, equaling about half the area of all sports fields and
parks planned in the district.

For the single house, an open pond of 20 m3 would be required, but it can be doubted whether
the presence of such a large pond, which would be nearly empty during most of the year, would be
desirable in the vicinity of a house. Therefore, we also calculated a situation in which water is collected
in a closed tank. As untreated water cannot be stored for a longer period, and as the tank would have
to be emptied within a short time (in order to be able to collect the next rain shower), the treatment
capacity of the process would have to be relatively large in this case, although it would only be used
occasionally. This would result in relatively high investment costs and operational costs of the system.

In total, six scenarios were studied, as shown in Table 1. In a case in which RO is applied as
the main treatment process, the permeate would have to be conditioned in order to meet drinking
water standards. As microorganisms may grow on the calcite filter used for conditioning, a second
disinfection by UV would be required. For treatment processes based on a UV/H2O2 process, first
rapid sand filtration is applied in order to obtain a first disinfection step and to remove particles and
NOM (Natural Organic Matter), in order to improve the UV transmittance and turbidity of the water.
Filtration over activated carbon is applied to remove the excess of H2O2 and any byproducts that may
have been formed during the oxidation process. Conditioning is required to meet the drinking water
standards for calcium. In order to remove any microorganisms originating from the carbon or calcite
filters, a UV disinfection is applied afterwards.

For all scenarios, TCO and LCA were calculated. The results were compared to costs and
environmental impact of centrally produced drinking water, with the use of surface water as a raw
water source for the city of Amsterdam. Details of the TCO calculations are shown in Table 3.
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Table 3. Details of TCO calculations of all six scenarios.

Scenario 1 2 3 4 5 6

Building costs (€) 1.44 × 106 1.43 × 106 6.02 × 104 4.54 × 104 1.83 × 104 1.83 × 104

Investment costs (€) 1.98 × 106 1.97 × 106 8.30 × 104 6.27 × 104 2.52 × 104 2.53 × 104

Interest & depreciation (€/y) 1.15 × 105 1.15 × 105 4837 3650 1469 1473
Operation & maintenance (€/y) 4.95 × 104 4.93 × 104 2076 1567 630 632

Energy (€/y) 713 3.96 × 104 3 123 2 123
Chemicals (€/y) 13 4355 0 1189 0 33

Membrane replacement (€/y) 1200 0 160 0 210 0
Filter (€/y) 50 5050 5 507 76 99

Lamps (€/y) 32 480 3 0 0 0
TCO (€/m3) 2.71 3.43 85.24 84.76 38.27 38.02

The environmental impact of all scenarios was also calculated both in ecopoints and in CO2

equivalents. This CO2 footprint is often used, but it doesn’t take into account all effects. As the LCA
calculations are based only on consumables, the environmental impact for scenarios 5 and 6 equals the
impact for scenarios 3 and 4, as these scenarios only differ in the type of collection tank (either a closed
tank or an open pond).

In order to calculate the positive effects of rainwater harvesting (preventing nuisance and damage
due to heavy rainfall) the situation in Berlin was taken as a starting point. Here, taxes are levied to
compensate for the costs for water treatment and nuisance caused by (heavy) showers when the water
cannot be drained because of the presence of hard surfaces. These taxes amount to €1.84/m2 of paved
surface area [61]. Therefore, it was assumed that a similar amount of money per m2 could be saved in
the Amsterdam area if rainwater were harvested and used as a drinking water source, instead of being
discharged into the sewer. So for the calculation of the total costs, €1.84/m2 was deducted from the
production costs. The results are shown in Table 4. In order to be able to guarantee drinking water
safety, regular analyses would be required. The yearly costs for water quality monitoring are on the
average €2500. These costs would have to be made for every production plant, as a result of which the
costs are very high for a single house (€25.93/m3), but low for a district with more houses (€0.04/m3).
These costs have been included in the production costs in Table 4.

Table 4. TCO and LCA for scenario 1–6.

Scenario
Production
Costs (€/m3)

Analyses
Costs (€/m3)

Savings
(€/m3)

Net Costs
(€/m3)

Impact
(mPt/m3)

Impact
(kg CO2/m3)

1 2.71 0.04 1.60 1.15 14.7 0.003
2 3.43 0.04 1.60 1.87 11.8 0.004
3 85.24 25.93 4.48 106.69 32.5 0.002
4 84.76 25.93 4.48 106.21 24.1 0.004
5 38.27 25.93 2.69 61.51 32.5 0.002
6 38.02 25.93 2.69 61.26 24.1 0.004

Centrally treated
drinking water 0 1.63 (*) 36.4 0.130

(*) Price includes taxes, administration, etc. These costs would have to be added to the net price of scenarios 1–6.

The relatively high costs for small drinking water treatment systems are in accordance with
literature findings. Roebuck et al. [62] studied 3840 domestic systems and concluded that harvesting
rainwater was significantly less cost-effective than using only centrally produced drinking water. None
of the RWH systems were able to demonstrate a return on investment. Although the operation of RWH
appeared to be cheaper than drinking water, the periodic recurring costs for maintenance proved to
be greater in magnitude than drinking water savings, resulting in a larger total rate. Domènech and
Saurí [63] evaluated the use of RWH systems in the metropolitan area of Barcelona, Spain. In their study,
they investigated social aspects, drinking water savings and costs of single- and multi-family buildings.
For the economic modeling they also used the RainCycle model Roebuck used. For single-family
homes, the harvested rainwater was used for toilet flushing, cleaning, filling the swimming pool or
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washing the car. In multi-family buildings, only garden irrigation was assumed. Again, in this study
long payback times were found, up to 60 years with the main cause being high capital costs. Farreny et
al. [64] investigated RWH on a larger scale in dense Mediterranean urban neighborhoods. The research
compared cost-efficiency at two scales (single building and neighborhood) and implementation (new
construction areas and existing area retrofits). However, the case study was limited to the use of
rainwater for laundry washing only. The authors concluded that cost-efficiency of RWH strategies
may be in doubt as long as local water prices are low. Furthermore, they concluded that RWH systems
should be preferably installed at the neighborhood level, because of economy of scale. Installations
should be realized in new construction areas to be cost-effective. Morales-Pinzón et al. [65] investigated
87 scenarios in a number of Spanish cities consisting of RWH systems of various sizes, ranging from two
single houses to a group of apartment buildings connected to a single RWH system. They concluded
that the material type used for a storage tank was not a fundamental financial factor, but planning
on a neighborhood scale was. The costs per functional unit ranged from 0.94 to 10.59 €/m3, with the
lowest cost for the category “group of apartment buildings”. RWH systems have a better financial
fit for large-scale and high-density constructions. According to these authors, the best strategy was
implementation at a neighborhood level. An example of such a system can be found in Ringdansen,
Norrköping (Sweden) [66]. In these studies, too, it was concluded that the variability of rainfall is an
important factor to be considered in detail during design because it has a direct impact on the RWH
tank size.

In Table 4 it also can be seen that by only taking into account the CO2 footprint, the difference
between the scenarios is very small. Differences in effects, like those on human health or ecosystems,
may not be fully accounted for when looking only at the CO2 footprint, which makes up only part
of the footprint in ecopoints. For example, scenarios 3 and 5 seem to have a low CO2 footprint,
whereas they have the highest footprint in ecopoints. The CO2 footprint of the centrally produced
drinking water is significantly higher, as the water has to be transported over a distance of about
60 km from intake to the treatment plant, and softening is applied. Furthermore, it is likely that the
impact of filtration over activated carbon is higher in a large-scale process, as in such a scenario surface
water is used as a source, which probably would contain more micropollutants, resulting in a higher
reactivation frequency for the activated carbon.

These results are in accordance with literature data, where it was also found that the overall
generated impact of water treatment is driven by the consumption of energy. When the impact
of the installations is also included, a significantly higher total impact would be the result [33].
Some previous LCA studies at water utility Waternet showed that the most significant impact
contributors of the centralized treatment process are the use of conventional energy, coagulation,
softening and filtration over granular activated carbon [32,35]. As softening and coagulation don’t
have to be applied with rainwater, this lowers the environmental impact of the treatment process. Garfí,
Cadena, Sanchez-Ramos and Ferrer [31] compared the environmental impacts caused by drinking
water consumption in Barcelona, comparing centrally treated tap water from a conventional plant and
from a plant based on RO, tap water treated with point-of-use RO, mineral water in plastic bottles and
mineral water in glass bottles. The results showed that the centrally treated drinking water caused the
smallest impact, the impact of domestic RO being 10–24% higher.

As with other sources of drinking water, rainwater can only be used as a source for drinking
water when sufficient purification is applied, especially when water from all paved and built surfaces
is used. The microbial safety of the collected rainwater is a point of concern in decentralized treatment
systems, and would require robust water treatment and frequent and expensive analyses to guarantee
that the purification system was still working properly. The same applies to centralized drinking water
treatment processes (e.g., based on surface water), but, as less water would be produced, the costs per
m3 would be higher for decentralized processes. Apart from the high analysis costs, it would be very
difficult to guarantee safe drinking water in decentralized systems, as the enforcement of measures
that must be taken based on analytical data would be very difficult. Besides, monitoring would only
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give results after at least 24 h, while problems could occur immediately in decentralized systems.
At present, no online monitoring is possible.

Taking into account the cost savings related to RWH as a result of less problems caused by heavy
showers, the costs of decentralized drinking water production based on rainwater harvesting would be
in the same order of magnitude as costs for centrally produced drinking water. For a single house, costs
would be much higher. This is due to relatively high investment and analyses costs. Especially when
water is collected in a closed tank, costs become very high due to the additional spare capacity required
for enabling a rapid treatment of harvested water, which is necessary for emptying the collection tank
for the next rain event.

Although the environmental impact seems to decrease by using rainwater as a source for the
production of drinking water instead of surface water, the relative savings are very small. As one
Dutch person yearly on average uses 43.4 m3 of drinking water, a maximum of 43.4 × 24.6 = 1068 mPts
could be saved, which is about 1� of the total environmental impact of this person. Besides, only
consumables were taken into account for this investigation, not the impact of the installations and
networks required. If these were also included, the impact of decentralized systems would increase
compared to the impact of a centralized system, as a large number of small installations requires more
material than one large scale installation.

Although from this study it can be concluded that production of drinking water from harvested
rainwater in the Netherlands is far more expensive and doesn’t really have a positive effect on the
environment in comparison with the centralized production and distribution of drinking water, this
doesn’t mean that rainwater harvesting should not be applied. It is a proven tool for storm water
management, and when rainwater has been collected, it might as well be used for certain applications,
like industrial applications or maybe household water. However, using it as a source for drinking
water is not recommended.

4. Conclusions

Based on literature data it is expected that the quality of harvested rainwater in general would not
meet (Dutch) drinking water standards, and thus a robust treatment is required. The quality is strongly
affected by the surface used to harvest the rainwater, and the microbiological quality often requires a
robust disinfection in order to produce safe drinking water. For decentralized treatment systems, the
required analyses result in high costs per m3, and even then, it would be very difficult to guarantee
water safety, as enforcement of required maintenance would be hardly possible on a small scale.

By considering only consumables, using rainwater as a source for decentralized drinking water
production results in a slightly smaller ecological footprint compared to the use of surface water
in a central system. However, this difference only results in a decrease of about 1� in the total
environmental impact of a person per year. When the impact of the installations is also included, a
significantly higher total impact results. The use of steel has an especially large contribution to the
total impact. Besides, for the RO processes, the disposal and treatment of concentrate is another factor
that should be considered in costs and environmental impact.

The costs of a decentralized drinking water production are (much) higher than the costs of a
centralized water supply system. In order to make rainwater harvesting economically interesting,
water should be collected on a neighborhood scale and not per individual building. To create a fully
self-sufficient system, water not only from roof tops but also from paved surfaces should be harvested.
By doing this, water nuisance during extreme weather events may be reduced, lowering the total
societal costs involved (rainwater harvesting and treatment plus costs of storm-water management).

In densely populated areas, like the city of Amsterdam, the amount of rainwater that could be
harvested is insufficient to cover the water demand of the inhabitants, even if water-saving measures
are being taken. As a result, a centralized drinking water treatment system and network would still be
required, in addition to the RWH system.
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Abstract: Today, over 50% of the global population lives near water. Due to population growth,
ongoing economic development, and extreme weather events, urban areas are growing more
susceptible to flood risks, and the costs of inaction of failing to manage flood risks are high. Research
into the benefits of pluvial flood-risk management is needed to spread awareness and motivate
investments in pluvial flood-risk reduction. So far, such research is lacking. This research therefore
assesses pluvial flood damage from a single 60 mm/1-h rainfall event in the cities of Rotterdam and
Leicester using 3Di flood modelling and the flood damage estimation tool (waterschadeschatter;
WSS). The results demonstrate that potential pluvial flood damages exceed €10 million in each city.
From this research, inhabitants and authorities of Leicester and Rotterdam can learn that preparing for
upcoming pluvial floods can save millions of euros resulting from future damages. The application
of these tools also makes clear that data availability is a highly relevant bottleneck to the pluvial
flood damage assessment process. By addressing data shortages, flood damage estimates can be
strengthened, which improves decision support and enhances the chance actions are taken in reducing
pluvial flood risks.

Keywords: cost of inaction; urban pluvial flooding; flood damage assessment; flood risk

1. Introduction

Throughout history, cities have sprouted in proximity to freshwater sources, as water is vital
for drinking, agriculture, transportation and domestic use [1]. However, due to urban expansion
and climate change, cities are growing increasingly prone to floods with serious socio-economic and
environmental consequences. Flooding is the number one most frequently occurring natural disaster,
causing over $20 billion in economic damage and claiming over 3300 lives worldwide in 2017 [2].
In Europe, annual flood losses are expected to increase five-fold by 2050 and as much as seventeen-fold
by 2080, highlighting the need for cities to build flood resilience [3,4].

There are various types of floods, for example, river, coastal, groundwater, and pluvial floods, each
requiring different techniques to prepare for. Coastal and river floods receive the most attention as they
are generally the largest and longest-lasting flood types, while pluvial floods-caused by heavy rainfall
that urban drainage systems are unable to cope with-are relatively underrepresented in research [5].
Recent research has suggested that due to the frequent nature of pluvial floods, cumulative direct
damage to property from pluvial floods equals or may even exceed damage from river and coastal
floods [6]. Continued urbanization accompanied by the intensification of rainfall patterns due to
climate change will likely exacerbate pluvial flood risks, so research is needed into how to manage
pluvial floods to minimize damage to our economy, environment, and society [6,7].
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Financial resources for managing pluvial flood risks are limited, so decision-makers need
convincing that investments in flood-risk reduction are worthwhile. The occurrence of a flood disaster
is often used as motivation, for example, the city of Copenhagen initiated the Cloudburst Management
Plan in response to a July 2011 pluvial flood disaster that cost upwards of €800 million [8]. Such a
reactive mindset does little to reduce the cost of the initial flood disaster. The concept of the cost
of inaction (COI), defined as the total cost due to climate change in the absence of adaptation and
mitigation measures, can be used to present the consequences of disasters that have not yet occurred [9].
By estimating and considering the COI, decision-makers may see that it is costlier to wait than act now
to reduce flood risks.

To understand the COI, it is necessary to assess the amount of flood damage that occurs in the
absence of any further investments in flood-risk management. Since flooding can cause a wide array of
economic, environmental, and societal impacts, a distinction is often made between tangible/intangible
and direct/indirect flood damage. Direct damage occurs in the flooded area due to immediate physical
contact with floodwater, while indirect damages arise with a time lag or outside the flooded area [9].
For example, if a flooded business halts production, the physical damage to the building and contents
within is direct damage, while induced losses to supply and demand suffered later in time outside of
the flooded area are indirect. Tangible flood damage is damage to assets that can be easily monetized
with a market price, whereas non-market priced damage (e.g., health loss, environmental damage) that
cannot be immediately given a monetary value is intangible [10,11]. Some examples are shown below
in Figure 1 [10–13].

Figure 1. Distinction between tangible, intangible, direct, and indirect flood damages.

1.1. Direct Damage Assessments

Direct damage to property is considered the dominant type of pluvial flood damage and is the
subject of most pluvial flood damage research [7]. This research also focuses on direct pluvial flood
damage as such physical damage to structures is the most relevant damage type for densely built urban
areas, and there are established assessment methods to draw upon. Potential indirect and intangible
pluvial flood impacts are touched upon later in the discussion section.

The common framework for assessing direct flood damage consists of three steps: simulation of
the flood hazard (hazard analysis), identification of the types of assets exposed to flooding (exposure
analysis), and the translation into monetary flood damage based on the characteristics of the exposed
objects (vulnerability analysis). This framework (illustrated below in Figure 2) has mainly been applied
to assessments of river and coastal flood damages [14–16], but recent studies have used the same
methods to assess pluvial flood damage.
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Figure 2. Standard direct flood damage assessment framework.

1.1.1. Hazard Analysis

The magnitude of direct flood damage is partly determined by the characteristics of the flood,
known as impact parameters. Impact parameters such as flood depth, flood duration, flow velocity,
contamination, and rise rate may determine damage to building structure and contents, but such
detailed information is often not available about the flood hazard. In practice, the flood depth is the
dominant and often only parameter used to represent the flood hazard. This is especially the case
for pluvial floods, which usually do not occur over long durations or at high enough flow velocities
to incorporate these parameters in the hazard analysis. To simulate pluvial floods, coupled 1D/2D
hydrological models, which integrate both 1D sewer flow and 2D surface water flow to solve the shallow
water equations, are used [17–19]. Despite representing the best option for accounting for realistic
drainage processes, these models suffer from data limitations as they require hourly precipitation data
and localized information on flow paths, as well as impediments to flow and interactions with drainage
components [17,20]. Uncertainties in this process include extreme value statistics used, stationary and
homogeneity of data series, consideration of physical properties (e.g., dikes and drainage systems)
of a location, and calibration and validation of model output etc. [20,21]. As complete data are not
always available, GIS-based digital elevation models (DEM) can be used to approximate pluvial flood
flow [17].

1.1.2. Exposure Analysis

Flood exposure could be gauged at the object-level, but there are so many types of assets and
buildings that can be exposed to flooding that assets are usually aggregated into groups based on
land use classification. For city-wide flood damage assessments, land use maps displaying residential,
commercial/industrial, environmental, infrastructural, and other land use/building types are used to
group exposed assets. Average asset and content values for each land use type can be surmised using
aggregated national or regional statistics, real estate data, or expert consultation to analyze the total
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value of objects exposed to flooding. However, uncertainty regarding asset types and approximate
values can be critical in many cases, especially when models developed for a specific location at a
specific time are not validated and transferred across spatial or temporal boundaries [14]. The exposure
analysis for pluvial floods can be carried out in the same way as has been established for river and
coastal floods, as described in Merz et al. [14].

1.1.3. Vulnerability Analysis

A loss model is a central element of flood damage estimation and the most common way of
estimating direct damage amount is the use of depth–damage functions, often called susceptibility
or vulnerability functions [14,15]. Some loss models are multi-parameter models based on several
impact parameters and resistance parameters including building function, type, age, size, presence
of mitigation measures, profiles of inhabitants, etc. Prominent examples of multi-parameter flood
damage assessment techniques within Europe include the UK multi-colored manual, and German
FLEMOps and FLEMOcs models [16,22–25]. These models were developed specifically for fluvial
(river) flood damage assessments, concentrating mainly on damage to residential and commercial
buildings. The same damage functions relating fluvial flood depth to monetary damage should not
be used for pluvial floods, as flooding from rainfall is dictated by different flow properties and the
magnitude of flood damage to building structure and contents is likely different [26]. However, the
central idea of a loss model is also applicable to pluvial flood damage assessments, for example, Zhou
et al. [7] described a framework for economic pluvial flood risk assessment considering future climate
change which quantifies flood risk in monetary terms as expected annual damage in different return
periods of rainfall. Susnik et al. [27] used a threshold method in which pluvial flood depths above
30cm are attributed to a fixed damage amount to assess pluvial flood damages from a heavy rainfall
event in Eindhoven. Efforts have also been made to relate pluvial flood damage to various parameters
based on insurance data or surveys distributed to pluvial flood victims [28–33]. Such research is
important for distinguishing how parameters other than flood depth, such as preparation, prior flood
experience, and presence of mitigation measures, can determine pluvial flood losses. Outcomes of
these studies illustrate how non-structural measures, for example, increasing the flood warning times
or spreading awareness on how to adequately respond to a flood event, can significantly reduce
pluvial flood risks [30–33]. However, the flood damage assessment models to date contain a number
of uncertainties in both the hazard and damage models. The largest sources of uncertainties in damage
modelling are associated with prescribed depth–damage functions [11,13,14]. A reason for uncertainty
in many loss models is the crude assumption of the relationship between damage and flood depth
only. Optimally, other parameters that impact flood damage like building age, presence of basements,
and preparedness to respond to flooding would be included in the damage assessment, yet data on
these factors are often incomplete [28,34]. There is still a need to develop a stronger understanding of
different parameters impacting pluvial flood damage to develop stronger and more rigorous flood
damage assessment methods [9,10,30]. Equally important is for decision-makers to recognize the
simplifications and uncertainties present in flood damage assessment models, so the results of imperfect
damage assessments do not misguide pivotal policy choices in flood-risk management.

1.2. Objective of This Research

In this paper, the process of estimating the COI of urban pluvial flooding is illustrated through
pluvial flood damage assessments in two selected European cities. Using a combination of a
state-of-the-art flood simulation model and a flood damage estimation tool developed by a consortium
of Dutch water companies, flood damages are estimated for a single rainfall event in the cities of
Rotterdam (NL) and Leicester (UK). The purpose of this research is two-fold: to illustrate potential
flood costs that could arise if these cities fail to prepare for a pluvial flood event, and to shine a light on
the key limitations of the flood damage assessment process so decision makers are better prepared to
translate results into tangible policy action towards reducing pluvial flood risks. If estimates of the
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COI are transparent and trustworthy enough, they can be used to convince urban flood-risk managers
to reduce flood risks proactively rather than responsively, thus saving the cost of the initial flood
disaster [13].

In the next section, the flood damage assessments carried out for neighborhoods in the cities of
Leicester (United Kingdom) and Rotterdam (the Netherlands) are described. In Section 3, the results
of the flood damage assessments for both study areas are presented, followed by a discussion of the
values and limitations of the research in Section 4. This paper finishes with a short summary of the
research and concluding remarks in Section 5.

2. Materials and Methods

A flood damage assessment is conducted for a 60 mm/h rainfall event (constant rainfall) in Belgrave
(Figure 3), a part of Leicester (UK) and Lombardijen (Figure 4), a part of Rotterdam (NL) using 3Di
flood modelling software and the Dutch ‘Waterschadeschatter’ (WSS) flood damage assessment tool.

 

Figure 3. Belgrave location.

 

Figure 4. Lombardijen location.

2.1. Study Areas

These areas were both selected for analysis, firstly because they are both low-lying areas that are
identified as flood prone [35–38]. Through consultation with members of the Leicester City Council,
Belgrave was identified as a neighborhood especially at risk to pluvial flooding. Belgrave is also of a
comparable size, population and climate to Lombardijen, so it is included as a point of comparison
for Lombardijen. The Netherlands contains many low-lying, flood-prone areas, but Lombardijen was
chosen in particular because of the availability of a pre-calibrated and validated high-quality 3Di
model for the area. The use of a high-quality 3Di increases the trust in the results of the 3Di modelling
conducted in this research.
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2.2. Flood Modelling with 3Di

The 3Di flood modelling software was developed by a combination of Stelling Hydraulics,
Deltares, TU Delft, and Nelen & Schuurmans. It is a physically-based model designed to simulate
the passage of water through urban areas during flood events. According to Van Dijk [17], the sewer
and surface water systems should be coupled in dual drainage models for realistic flood simulations.
The governing equations of 3Di can be accessed on the 3Di Water Management website (https:
//3diwatermanagement.com/3di-start). 3Di flood modeling is used because it represents state-of-the
art hydrodynamic modelling. It uses a sub-grid method for 2D surface water flow, 3Di provides fast
and accurate results [39]. This is one of the best currently available ways to link 2D surface flow
to 1D drainage flow to simulate the process of flooding in urban areas. In the UK, 3Di software is
also regarded as one of the best currently available methods for dual drainage modeling based on a
benchmark developed last year.

For the Lombardijen study area, data accessed were from AHN2 digital elevation map (DEM)
(2008, 25 m2), BAG (building register), TOP10 (topography), OSM (open streetmap), and CBS land
use datasets. A map of the urban drainage network was provided by the municipality of Rotterdam.
For Belgrave, a soil type map was accessed on the Cranfield Soil and Agriculture Institute website [40],
a DEM (2015, 25 m2) was obtained from the UK governmental environmental data online portal [41],
and a land use map was created in a GIS environment based on CDRC Open Map Survey data
(https://data.cdrc.ac.uk/dataset/cdrc-2015-os-geodata-pack-leicester-e06000016). The parking lots were
manually added based on Open Street Map data. In the figures below, the water depth maps developed
for Belgrave (Figure 5) and Lombardijen (Figure 6) are displayed. It is important to note that a digital
map of the urban drainage system was unavailable for Belgrave because of the privatization of the
water supply industry in the UK and concerns regarding confidentiality. Therefore, the interactions
between surface water flow and the sewer systems are left out of the Belgrave flood model.

 

Figure 5. Belgrave water depth map.
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Figure 6. Lombardijen water depth map.

From the figures above, it is visible that the rainfall event causes pooling of water in the fields to
the North of Belgrave and in residential areas in the Center/South (Figure 5). In Lombardijen (Figure 6)
the water pooling appears more spread out, but there are still significant flood depths over 0.5 m in the
Northwest, and just Southeast of the center. To assess flood damage, the water level map (maps above
show water depth, water level =water depth + elevation) for each study area is combined with land
use information and damage functions in the online WSS damage estimation tool. Below, the land
use maps developed for Belgrave (Figure 7) and Lombardijen (Figure 8) are displayed. It should be
mentioned that due to difficulties accessing land use and building register information in the UK, the
land use classification is less detailed (7 land use classes) in Belgrave than Lombardijen (14 classes).

 

Figure 7. Belgrave land use map.
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Figure 8. Lombardijen land use map.

2.3. Damage Assessment with WSS

The WSS is a freely accessible cloud-based flood damage estimation tool. It is owned by
the STOWA consortium of Dutch water companies and was designed to estimate damages from
flood depths up to 2.5 m. The flood damage estimation tool can be accessed at the website: https:
//www.waterschadeschatter.nl/damage/. WSS software was used for this damage estimation because
it is a free, entirely web-based tool that does not require heavy computing power which has been
developed to estimate pluvial flood damage in the Netherlands. It is simple enough that the functions
used to estimate damage can be understood and used to calculate flood damage for areas outside
the Netherlands.

Within the Netherlands, the only required input for the WSS is a water level map because land
use and DEM data are already included in the WSS tool. With the water level map, the WSS subtracts
the DEM to calculate water depth in each grid cell. Land use information is then used to identify
the flooded land use classes, and damage functions are applied to relate the flood depth to monetary
direct flood damage values for each land use class. Since the WSS is a tool developed for Dutch flood
damage assessments, the water level and land use raster with a UK projection cannot be processed by
the WSS cloud. Therefore, the damage estimation for Belgrave was conducted using a raster calculator
in Python with the default damage functions used in the WSS tool and Lombardijen case study.

After uploading a water level map to the WSS website, the user is asked to select the flood duration
(h), recovery time for buildings and roads (h), month of flood event, and whether to use minimum,
average, or maximum damage values. In this research of direct damage from a one- hour rainfall event
of 60 millimeters, the flood duration was set to one hour, recovery times for buildings and roads were
set to zero (direct damage only), the month was set to September, and average damage values were
selected. Below, Tables 1 and 2 display the average damage values for all land use classes considered in
the Belgrave and Lombardijen case studies. Figure 9a,b shows the damage functions that were applied
for the different land use classes.

224



Water 2019, 11, 801

Table 1. Average damage values for each land use class, Belgrave.

Land Use Type Average Damage (€/m2)

Residential 271
Educational 271

Parks & greens 0.1086
Roads 0.076

Parking lots 0.076
Urban areas-other 0

Water 0

Table 2. Average damage values for each land use class, Lombardijen.

Land Use Type Average Damage (€/m2)

Residential 271
Industrial 271

Office 271
Retail 271

Educational 271
Healthcare 271

Meeting 271
Sport 54

Parks & greens 0.1086
Train track 0.076

Roads 0.076
Urban areas–other 0

Cemetery 0
Water 0

 

  
(a) (b) 

Figure 9. Damage function for residential, educational, industrial, retail, office, healthcare, meeting,
urban area – other, and sport land use classes (a); Damage function for train tracks, roads, parks and
greens, parking lots, water, and cemetery land use classes (b). On the X-axis, the flood (inundation)
depth is displayed (up to 30 cm) and on the Y-axis, the damage factor, total share of the asset value that
is damaged, (0–1) is shown.

Tables 1 and 2 display the average maximum value that is susceptible to flood damage per m2 of
each land use type. Figure 9a,b shows the relative damage curves used to translate water depth to a
share of the average maximum value that can be damaged in each land use class. This results in a
monetary estimate of direct flood damage for each land use type, as presented in the next section.
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3. Results

Below, the results of the flood damage assessments for a one-hour 60 mm rainfall event in Belgrave
and Lombardijen are shown.

3.1. Direct Flood Damage in Belgrave

Figure 10 shows that flood damage in Belgrave is concentrated in a couple of hotspots in the North
and South. Comparing this with the water depth map of Belgrave (Figure 5), it is noticeable that flood
damage is not always highest in areas with the greatest flood depths and is highly dependent on land
use. For example, the field to the North of Belgrave that experiences heavy pooling in Figure 5 does
not show flood damage in Figure 10. On the other hand, the less-flooded residential area surrounding
the field in Figure 5 does show heavy flood damage. Direct flood damage can only be as high as the
value of the asset that is damaged, so it is important that areas identified as flood-prone on flood
hazard maps do not become overdeveloped. As more areas in the Netherlands and UK are expected to
become flood-prone in the future, it is crucial that anticipated future rainfall patterns be incorporated
in present-day decisions regarding development and urban spatial planning. Below, Table 3 breaks
down the flood damage in Belgrave per land use type.

 

Figure 10. Belgrave flood damage map (dark red signifies high flood damage).
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Table 3. Belgrave damage estimate per land use type.

Damage Type Damage (€)

Residential 10,895,788
Educational 87,912

Roads 2833
Parking lot 2717

Parks & greens 473
Water 0

Urban areas-other 0
Total 10,989,723

As shown in Table 3, the total direct damage from the one-hour pluvial flood event is nearly
€11 million. Over 98% of total damage comes from the residential sector, which is likely because all
buildings were considered residential except for one school. Other studies show building damage
of 60–95% of total direct damage [42], whereas in this research the total share of building damage is
over 99%. This could be because other damage types (e.g., infrastructure damage) were neglected
and the average damage values for water and urban areas–other were set to zero. Thus, the >99%
of total damage associated with property damage yielded in this study is likely an overestimation.
However, the total damage estimate of €10.99 million could be an underestimation as flooding of urban
areas–other and water land use classes would realistically cause some monetary damage.

3.2. Direct Flood Damage in Lombardijen

Figure 11 displays the distribution of flood damage throughout the Lombardijen neighborhood.
There are several areas of concentrated high damage to the east and southeast of Spinozapark (note
the dark red blotches). Comparing this with the water depth map (Figure 6), it is clear that water
pooling does not always correlate with high flood damage. More important is the land use class of
the area that is flooded. In the case of Lombardijen, the damage hotspots exist in the densely packed
residential/industrial areas where there are more buildings exposed to flooding.

As shown in Table 4, residential damage makes up most of the pluvial flood damage, followed by
damage to industrial and meeting function buildings. The total share of building damage (99%) is on
the high end of what is reported in literature [12,42,43]. This is likely because damage to water utilities,
power stations, and other infrastructural components was not part of this assessment, resulting in an
overstatement of the total share of building damage. It is important to also mention that although direct
damages to roads and train tracks were minimal in this simulation, traffic delays and diversions would
be expected to cause high indirect and intangible damages like inconvenience and lost time. Although
the urban drainage system was accounted for in the Lombardijen damage estimation, the results still
show greater flood damages in Lombardijen than Belgrave. This could be due to the inclusion of a
more detailed land use map for Lombardijen (Figure 8). Much of the Belgrave area was classified as
urban area – other, which had a maximum damage value of zero, whereas the more detailed land use
classification for Lombardijen considered comparatively much less area as urban area - other. Damage
estimates are sensitive to the level of detail in the land use classification, so it is difficult to compare the
damage estimates between the two areas due to the difference in the land use maps used.
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Table 4. Lombardijen damage estimate per land use type.

Damage Type Damage (€)

Residential 7,558,742
Industrial 2,283,720
Meeting 1,224,713

Educational 672,239
Office 487,369
Sport 137,291
Retail 13,025
Roads 645

Train track 220
Parks & greens 135

Healthcare 0
Urban areas-other 0

Total 12,378,099

 

Figure 11. Lombardijen flood damage map (dark red signifies high flood damage).

4. Discussion

4.1. Data Limitations

The two case studies are contrasting since all Lombardijen information was readily accessible,
while the Belgrave damage estimation was hampered by data availability issues. Consequently,
critical elements for the flood damage assessment like a sewer network map displaying locations
of drains, sewers, pipes, and manholes, and average asset values specific for buildings in Belgrave
were not available. Because of this, the damage assessment for Belgrave was conducted with the best
available data to the knowledge of the authors and the damage estimate of €10.9 million should only be
considered a ballpark estimate. It has been noted that even with state-of-the-art 1D/2D hydrodynamic
flood models, there is still a poor understanding of the mechanisms of urban flooding and high
uncertainties in flood depth simulations [13,17–20]. Data on real flood events are needed, not just
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to validate the results of flood level maps, but also to better our understanding of the relationship
between flood depth and flood damage among different land use classes and to develop damage
functions tailored to each class.

Due to input data shortages for model validation and damage function development, the damage
estimates presented here have not been tested, thus caution should be taken if the outcomes are used to
inform decisions in urban flood-risk management. It is also important to note that this damage estimate
focuses only on direct damages to physical property, neglecting indirect and intangible damage to
health and the environment that is also likely to occur. By omitting these damage types, the full
spectrum of flood damage is not included in the damage assessment, resulting in an estimate of direct
damage only. It is pivotal to include all damage types in flood damage assessments to build a complete
understanding of flood risks and ensure the benefits of flood-risk reduction are not underestimated [44].
In fact, some studies comparing the benefits of coastal flood-risk reduction measures to implementation
costs have shown that investments in flood-risk reduction are only net-beneficial if intangible damages
like loss of life are included in the damage assessment [45,46]. Without the inclusion of the diverse
types of potential flood damage, the estimated benefits of flood-risk reduction are understated, thus
the case for implementation is weakened. Even though pluvial floods are likely to be smaller and
cause less significant intangible and indirect damage than coastal floods, all damage types should still
be considered to ensure nothing is left out and the assessment of flood risk is complete. It could also
be unethical to base decisions in flood risk reduction only on direct damage estimates as it may lead
to the prioritization of reducing flood risks in areas with the most economically valuable building
assets, in other words, the richest areas. Although the WSS attributes constant average damage values
to all buildings regardless of building quality, the use of these damage estimates could result in the
prioritization of flood damage mitigation for the largest buildings, not necessarily the most vulnerable.
Recent research has highlighted that the less fortunate and socially vulnerable encounter greater flood
damage due to information and resource shortages, yet this is ignored by damage assessments based
only on asset damage [47,48]. Although there may be less chance of heavy intangible or indirect
damage compared to river or coastal floods, pluvial floods can result in casualties, injuries, long-term
trauma, and significant environmental damage [9,49]. As climate change is expected to bring about
more frequent and intense pluvial flood hazards, it is prudent to continue to dedicate research to the
assessment of not only direct, but all types of pluvial flood risks.

4.2. Looking Towards the Future

Despite the simplicity and imperfections of the damage assessments conducted here, the results are
still valuable for raising awareness of the absolute minimum potential flood damage that communities
can expect to face, as well as pinpointing where future research is urgently required. This can be
helpful for inspiring people to start a (very necessary) conversation about what flood risks we are
willing to face, and how to be prepared to reduce flood risks in the future. Many cities are either
sitting atop outdated drainage systems that do not have the capacity for future rainfall patterns or
are developing rapidly without a centralized drainage system in place [50,51]. In any case, decisions
need to be made on how to decrease pluvial flood risks to avoid future disasters. Options for reducing
pluvial flood risks exist, from conventional ‘grey’ options like increasing the capacity of existing sewer
systems to ‘green’ and ‘blue’ innovations such as green roofs, sustainable urban drainage systems, and
designated floodwater reservoirs in cities, which serve to delay or divert rainfall from over-stressed
sewers [8,50,51]. Since each approach comes at a cost, it is necessary to estimate pluvial flood damage
in cities to determine whether investments in flood risk reduction are economically justifiable. Flood
damage estimates also provide valuable information for insurance firms, local businesses, spatial
planning authorities, emergency planners, and households.

Data collection and accessibility need to be improved for water depth and damage model
validation, so results of flood damage assessments can be trusted to better represent reality. Flood
depth and flood damage data are collected for a variety of purposes, but methods and standards for
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data collection are rarely aligned. This is problematic since consistent and accurate data are needed
to validate the outcomes of both water level and flood damage estimates. Without a consistent and
reliable source of flood data, it becomes more difficult to reinforce and improve flood damage estimates.
It is understandable that drainage network and infrastructure maps are difficult to attain due to
safety, security, and strategic concerns, but there are tangible benefits to increasing accessibility of this
information for dedicated research purposes. Not only would this allow for more accurate simulation
of the flood routing and urban drainage process, but maps of other infrastructural components like
utility stations and power networks can identify further components at risk to flood exposure. Severe
pluvial floods can incapacitate infrastructure networks, and the interdependencies and knock-on effects
should be further investigated [52–54]. Without drainage and infrastructural network maps in the
hands of researchers, it is difficult to trust that the simulated flood depths or estimated value of assets
exposed to flooding match with reality.

The assumption of this research that all building types have the same damage characteristics
and average values can be called into question, for example, industrial buildings often include heavy
machinery and equipment that is more valuable, thus susceptible to greater flood damage than
residential buildings. By associating the same damage functions and average asset values to all
buildings in Lombardijen and Belgrave, the damage estimates of €10.9–12.2 million to buildings in the
two cities merely reflect the fact that they are comparably sized with similar building densities. It is
imperative to dedicate continued research to addressing data deficiencies so the role of flood damage
assessments as decision-support mechanisms is strengthened. Flood damage assessments are also
key for raising awareness of flood risks and closing the gap between perceived and actual risks [55].
Flood damage assessment therefore plays the important role of increasing awareness of flood risks
prior to disasters so societies can be better prepared to reduce future flood risks. Flood defense via
structural or technical means is regarded as the cornerstone of European flood risk management, but
risks can also be addressed with other paradigms in flood risk management such as flood prevention
via spatial planning, risk mitigation, preparation, and recovery [55,56]. Research has shown that
non-structural means like installation of early warning systems or adaptation of water sensitive cities
master plans can repay setup costs within a matter of years, especially when cleverly combined with
structural options [46,57]. Key to raising awareness and hastening action flood risk reduction is for
people to understand, as well as believe, the results of flood damage assessments [44,58]. Thus, it is
important to continue to research and dissect existing flood damage assessment methods to increase
our understanding of the methods used as well as the limitations. By studying urban pluvial flooding,
the risks appear more real and awareness can be raised on potential flood impacts. Raising awareness
is a crucial pre-cursor for inspiring action to reduce flood risks and cope with the challenges of climate
change in cities.

5. Conclusions

The significance of expanding knowledge about pluvial flood risks and the costs of inaction
cannot be understated. Climate change is steering society into unchartered territory, and urban
conglomerations only serve to aggregate flood risks. People are becoming increasingly aware of flood
risks after catastrophic events that have plagued society in recent decades. This backward-looking
attitude is not well-suited for a future where we face uncertain conditions yet near-certain intensifications
of flood risk. Instead, it is urgent to act now to reduce risks before disasters occur. Awareness precludes
action, and to raise awareness, flood risks need to be assessed.

This research used a combination of 3Di flood modelling and the WSS flood damage estimation
tool to assess direct flood damage from a 60 mm/1-h pluvial flood event in two urban areas: Belgrave
(Leicester, United Kingdom) and Lombardijen (Rotterdam, the Netherlands). For Belgrave, direct
damage was estimated at roughly €11 million, while for Lombardijen direct damage was €12.4 million.
Due to a lack of pluvial flood damage data, identical average asset values and damage functions were
applied for both neighborhoods. Thus, the comparable damage estimates yielded in this research
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merely reflect the fact that the areas are of similar size and building densities. This research could be
improved by using locally-tailored asset values, land use maps, and damage functions to account
for differences between building types as well as study areas. Furthermore, the Belgrave damage
assessment was hampered by the failure to include a map of the urban drainage infrastructure, resulting
in an overly-simplified portrayal of the flood propagation. Urgent research is needed to address data
bottlenecks, especially for validating flood depth simulations and developing damage values and
functions for the wide variety of land use classes that exist in modern cities [59]. With more complete
data of past flood events, work can be put into improving pluvial flood damage assessments that can
play a stronger role supporting decisions in flood-risk reduction. This can be vital for reducing future
flood risks, as most studies demonstrate investments in flood-risk reduction at least break even with
implementation costs [46,60].

Pluvial flood damage assessments are essential for supporting arguments for building flood
resilience, raising awareness of flood risks, and determining how flood-risk management could best be
implemented. Ideally, such damage assessments are based on sound data. Decisions should not be
based on damage assessments alone without recognizing input data limitations, which result in some
significant uncertainties underpinning the damage assessment process. A way forward is to keep
studying flood damages and developing solid databases to validate and improve models for assessing
potential future flood damages. Stronger flood damage assessments will be essential for building the
case that the costs of inaction are too great to ignore flood risks any longer. To borrow a quote from
John F. Kennedy, “There are risks and costs to action. But they are far less than the long-range risks of
comfortable inaction”.
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Abstract: Flooding is the most common of all natural disasters and accounts for large numbers of
casualties and a high amount of economic damage worldwide. To be ‘flood resilient’, countries should
have sufficient capacity to resist, the capacity to absorb and recover, and the capacity to transform
and adapt. Based on international comparative research, we conclude that six key governance
strategies will enhance ‘flood resilience’ and will secure the necessary capacities. These strategies
pertain to: (i) the diversification of flood risk management approaches; (ii) the alignment of flood
risk management approaches to overcome fragmentation; (iii) the involvement, cooperation, and
alignment of both public and private actors in flood risk management; (iv) the presence of adequate
formal rules that balance legal certainty and flexibility; (v) the assurance of sufficient financial
and other types of resources; (vi) the adoption of normative principles that adequately deal with
distributional effects. These governance strategies appear to be relevant across different physical
and institutional contexts. The findings may also hold valuable lessons for the governance of climate
adaptation more generally.
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1. Introduction

Flood risks are increasing in coastal areas and river basins due to worsening hazards related to
urbanization and the effects of climate change [1–6]. Metropolitan regions such as Bangkok, Mumbai,
Jakarta, Shanghai, Dhaka, London, Hamburg, and Rotterdam are extremely vulnerable to flooding.
Extreme events in the Caribbean, the United States, and Bangladesh in 2017 and Japan, the US, and
the Philippines in 2018 show how devastating the effects of floods can be. In response to these risks,
an abundance of natural science and technical knowledge has been developed. In scientific literature,
the concept of ‘resilience’ has been introduced as the ultimate and desirable outcome of flood risk
management. A well-known definition of resilience is that of Walker et al. (p. 6): “the capacity of a
system to absorb disturbances and reorganize while undergoing change, so as to still retain essentially
the same function, structure, identity and feedback” [7]. A flood resilient system has in place the
capacity to resist floods (e.g., by flood defenses), the capacity to absorb and recover from floods (e.g., by
spatial planning, disaster management, insurance), and the capacity to adapt and transform (in order
to moderate potential damages, to take advantage of opportunities, and to cope with the consequences
of floods and respond in a flexible way) [8,9].

Flood risk management literature is well-grounded in risk assessments and future scenarios and
is based on profound insights into the effectiveness of technical measures [10,11]. In contrast, the
question of which governance actions should be taken to improve flood resilience has received lesser
attention, despite the strong barriers that social and institutional factors often present to successful
flood risk management [11–13].

To address this knowledge gap, a comparative analysis and evaluation of flood risk governance
was conducted. This took place under the auspices of the STAR-FLOOD project (2012–2016) which was
funded through the Seventh Framework program of the European Commission. This was the first large
integrated European research project in the floods domain that focused almost entirely on governance
and legal issues. The studied countries, namely Belgium, England, France, The Netherlands, Poland,
and Sweden, are all European Union (EU) countries in which governments take a significant level of
responsibility. This is partly due to the fact that there is EU legislation in place and is also partly for
historical and political reasons. The flood risk management practices in these countries were studied,
as detailed in the materials and methods section.

The current paper presents the six main governance strategies that the authors identified based on
the research that was carried out. After providing the materials and methods in Section 2, Section 3 will
subsequently present each of the strategies. We hold that these strategies are relevant across different
contexts and have a wider meaning internationally.

2. Materials and Methods

In the framework of the STAR-FLOOD project, systematic and detailed analyses and evaluations of
flood risk governance and associated legal frameworks in Belgium, England, France, The Netherlands,
Poland, and Sweden were conducted between October 2013 and September 2015, which have been
laid down, amongst others, in six country reports [14–19]. All partners conducted empirical analyses
and evaluations of flood risk governance in their country, both at the national level and at the level of
three specific urban areas that were used to illustrate and further explore developments at the national
level. The research was based on a common analytical framework. We applied four different research
methods in all countries: desk research (analysis of policy documents, legal texts, case law, literature);
semi-structured interviews (70 in Belgium, 61 in England, 64 in France, 45 in The Netherlands, 54 in
Poland, and 19 in Sweden), legal comparison, and at least one workshop with stakeholders in each
country ([20,21], p. 14). Similarities and differences between the countries as well as lessons to be
derived from them were discussed in plenary meetings and meetings in sub-groups in which the
full consortium (>30 policy analysts and legal scholars) participated. These discussions have led to
the first syntheses of the findings [20,21]. The author team of the current paper consists of at least
one representative from each consortium partner, representing each country and the policy and legal
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disciplines. This team engaged in intensive discussions aimed at further condensing the findings
and drawing out the key lessons. Each of the key lessons that are presented in the next sections are
backed-up by solid empirical evidence [14–19]. We recognize that the paper’s focus on the European
context brings limitations in terms of potential generalization of findings to geographical regions
other than Europe. Important issues that make these regions different from Europe are the general
degree of risk awareness, linked to the population’s alphabetization rate, policymakers’ skills, and
the rate of democracy. These and other issues are in many cases far removed from the European and
north American situation. Moreover, a lack of financial resources and the poorness of infrastructure
are important complicating factors to establishing efficient flood risk prevention or to build flood
defense. Nevertheless, as we will show in Section 3 and conclude upon in Section 4, we believe that
our paper’s six governance strategies can serve as an important source of inspiration for improving
flood risk governance more internationally, even though some of the lessons might need some degree
of translation to other geographical contexts. To validate the lessons, the author team reassessed the
empirical data and, in some cases, consulted researchers who were not directly involved in writing this
paper. The steps above, in our view, ensure a certain robustness, however they also ensure transparency
of the findings.

3. Results: Key Governance Strategies for Enhancing Flood Resilience

This section subsequently presents each of the six governance strategies that were identified based
on the country comparison. The lessons pertain to diversification of flood risk management approaches
(3.1), alignment of these approaches (3.2), involvement of private actors in flood risk governance (3.3),
the role of formal rules (3.4), the assurance of sufficient resources (3.5), and the presence of adequate
normative principles to deal with distributional effects (3.6).

3.1. Diversification of Flood Risk Management Approaches, Taking into Account the Physical and Institutional
Context

It is increasingly argued that optimizing the capacity to resist floods, absorb and recover
from floods, and to adapt and transform requires a diversified portfolio of flood risk management
approaches [9,22,23]. We identify five modes of flood risk management: flood prevention; flood
defense; flood mitigation; flood preparation and flood recovery (see Table 1).

Table 1. Five modes of flood risk management, adapted from [21,23]. Note that the main distinguishing
feature in this categorization is the focus of each mode on reducing the probability of floods, reducing
the consequences of floods, or promoting recovery. This is an entry point that differs to the classical one
by Thampapillai and Musgrave who use the term flood damage mitigation to refer to all strategies and
further distinguish between structural and non-structural measures. In our categorization, structural
measures mainly relate to the flood defense strategy [24].

Mode Characteristics

1. Flood risk prevention

Prevention measures aim to decrease the exposure of
people/property etc. via methods that prohibit or discourage
development in areas that are at risk of flooding (e.g., spatial
planning, re-allotment policy, expropriation policy etc.). The
main focus of this approach is on “keeping people away from
water” by only building outside flood-prone areas. This is a
pro-active strategy that focuses both on probability reduction (if
people do not live in flood-prone areas, then it is unlikely that
they will get flooded) and the consequences of flooding (an area
may still be flooded, however in the absence of large-scale urban
developments, the consequences are relatively small).
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Table 1. Cont.

Mode Characteristics

2. Flood defense

Flood defense measures aim to decrease the probability of
flooding areas through infrastructural works, such as dikes,
dams, embankments and weirs, mostly referred to as “flood
defense” or “structural measures” through options that increase
the capacity of existing channels for water conveyance (natural
or man-made) to increase the space for water (laterally or
vertically) or the creation of new spaces for water retention
outside of the area to be defended. In brief, the focus is on
“keeping water away from people”.

3. Flood risk mitigation

Flood risk mitigation focuses on decreasing the consequences
of floods through measures inside the vulnerable area.
Consequences can be moderated by a smart design of the
flood-prone area. Measures include smart spatial ordering inside
urban areas, water retention within the protected area, or
(regulations for) flood-proof building. Flood risk mitigation thus
includes all measures to flood-proof the built environment as
well as measures to retain or store water.

4. Flood preparation

Consequences of floods can also be alleviated by preparing for
a flood event. Measures include developing flood forecasting
and warning systems, as well as preparing disaster management
and evacuation plans.

5. Flood recovery

This approach facilitates an effective recovery after a flood
event. Measures include reconstruction or rebuilding plans (that
may also provide a window of opportunity for making the new
buildings more flood-proof or relocate these to safer areas) as
well as compensation or insurance systems.

Each of these modes differs in its focus on the reduction of flood probability, flood exposure, and
flood consequences, however it is assumed that together these modes will effectively decrease the
flood risk [9,23]. A diversified portfolio of effectively functioning flood risk management approaches
is needed to be able to address the three resilience capacities. The flood defense approach contributes
to the capacity to resist, while the other four strategies contribute to the capacity to absorb and recover
and the capacity to adapt and transform [9,23].

Countries have their own strengths and weaknesses in terms of the implemented portfolio of
flood risk management approaches. This has repercussions for the way in which diversification should
be pursued. For instance, Poland and especially The Netherlands show a dominant focus on flood
defense. These countries are now facing the challenge of broadening their portfolio to better address
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the potential consequences of flooding. Further development of the complementary strategies to
increase flood resilience has proven to be challenging. The Netherlands have gained several centuries
of experience fighting against the water. The country’s track record regarding flood defense is excellent.
Moreover, the flood-defense approach is highly institutionalized [16]. However, over the years, new
ideas have started to have more of an impact. From the 1990s onwards, the dominant ‘keeping the
water out’ paradigm has been complemented with Room for the River approaches that can be seen
as a broadening within the flood defense strategy. As a next step, in more recent years, the further
development of flood mitigation and recovery—and to a lesser extent flood risk prevention—have
gained more prominence in policy discourses, while experiments with the new approaches have
started [16,25]. In the Polish situation, the dominant tendency was to sort out flood defense first,
despite the fact that Polish water management agencies suffer from a severe lack of resources [18].
Amongst other events, the floods of 1997 and 2010 gave an impetus to the development of improved
flood forecasting and warning systems. However, the further development of the other strategies is
proceeding very gradually. Both in The Netherlands and Poland, there is a relative dominance of flood
defense which contributes to path dependency. To some extent, the flood defense strategy is seen as
‘inescapable’ because developments in flood prone areas—in The Netherlands, a low-lying country,
more than half of its surface—have already taken place and are unlikely to be reversed in the short to
medium term.

At the other extreme, flood risk management in England has been diversified for several decades
and England’s portfolio of management approaches has been diagnosed as balanced, as in: showing
a high degree of diversity, although the effectiveness of specific approaches was found to need
improvement [9,14]. This relatively positive evaluation of England’s portfolio might come across as
counter-intuitive, given that England has experienced several floods in recent years, most notably in
2000, 2007, and 2014. However, a strength of the English flood risk governance arrangement is that it
has a range of approaches at its disposal, each of them tailored to specific circumstances in terms of the
physical characteristics of an area and the potential for damage and economic loss [14].

Belgium, France, and Sweden are positioned on a spectrum between these two extremes. Both
in Belgium and France, there used to be a focus on flood defense, however to a lesser extent than in
The Netherlands and Poland. Belgium’s prevention and mitigation strategies overtook those of The
Netherlands when it started to implement designated policies that aimed to put restrictions on urban
development in flood prone areas (including signal areas and the water test) [19]. At the same time, in
France, a discursive shift can be observed towards an increased emphasis on flood prevention [17].
Swedish flood risk governance is characterized by a very localized approach with a dominant role for
the municipalities as well as the civil contingency agencies. While there are important local variations,
there is a strong reliance on flood preparation [15].

Overall, the findings show that a diversification of modes of flood risk management contributes
to flood resilience in that it helps to address a broader range of resilience capacities: that to resist, to
absorb and recover, and to adapt and transform [9]. However, the extent to which approaches can be
diversified depends on physical and institutional features, as well as general levels of development,
flood risk management legacies, culture, and politics.

3.2. Alignment of Flood Risk Management Approaches to Overcome Fragmentation

To diversify flood risk management approaches, different sectors need to be aligned. Besides
water management, spatial planning and emergency management, amongst other sectors, are also
necessary to cover the range of approaches from prevention to recovery by providing adequate policy
instruments. Hence, enhancing connectivity between policy sectors and administrative levels is needed
to overcome the fragmentation that a diversification of flood risk management approaches may create.

Such connectivity requires the employment of bridging mechanisms or processes that broadly
entail information exchange, coordination of policies, and cooperation mechanisms [26]. These
mechanisms can be anchored through laws and policy instruments and can be promoted through
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finances and by putting knowledge infrastructures in place. Bridging mechanisms may help to establish
links between different flood risk management approaches, thus ensuring that these approaches
reinforce each other and, hence, help to strengthen all resilience capacities. Two examples include:

• Recovery schemes to compensate victims of a flood event, e.g., through private insurance schemes
(possibly in cooperation with the nation state) or the activation of a public fund, can enhance the
success of the risk prevention and mitigation strategies and vice versa [26]. Compensation and
insurance schemes may incentivize or dis-incentivize citizens and public authorities to undertake
flood risk reduction and promote the implementation of property-level measures through risk
differentiation, structured premium increases or premium benefits, or resilient reinstatement.
For instance, the French system is lauded for its comprehensive recovery scheme through the
CAT-NAT (‘Natural Disaster’ (CATastrophe NATurelle in French) fund, however it was found
that this scheme forms a dis-incentive for taking preventative measures [17,27], hampering
ongoing efforts to strengthen flood prevention approaches by limiting urban development in
flood prone areas. On the other hand, in England, experience has been gained with risk-based
insurance premiums, which in some cases have been complemented with premium reductions in
case property owners take mitigating measures. In this situation, recovery schemes serve as an
incentive for strengthening flood risk prevention and mitigation [14]. Hence, policy instruments
that are used in one strategy in a specific country cannot be applied in another jurisdiction without
looking at the overall picture of the several strategies and the policy instruments that are related
to them [28].

• By analogy, effective flood emergency management requires tailor-made spatial planning policies
and probabilistic decision-making processes to improve the effectiveness of evacuation [26].
For instance, the effective evacuation of citizens out of flood-prone areas puts requirements on
spatial preconditions such as the presence of elevated evacuation routes and the realization of
shelters. In some cases, existing spatial configurations make horizontal evacuation impossible and
necessitate the realization of plans for vertical evaluation. This is the case for several low-lying
areas in The Netherlands [29].

Besides establishing links between different sectors, bridging mechanisms can also help to link
different governance levels. Top-down and bottom-up policy processes should be combined and
coordinated. At a strategic level, acceptable levels of risk and the division of responsibilities in dealing
with these risks should be discussed [20]. Countries show a different track record in this respect.
In England, we see that the Environment Agency is playing a key role in facilitating discussions
at the strategic level [14]. The Netherlands have established a national ‘Delta program’ which
stimulates the exchange of ideas and experiences as well as strategic planning with the inclusion
of governmental actors at the national level (Rijkswaterstaat, the Dutch Office for Public Works),
the Regional Water Authorities, municipalities, and knowledge institutes, among other actors [16].
Such discussions are also held in Belgium, although coordination takes place mostly at the level of
the three regions, being the Flanders, Walloon, and Brussels Capital regions, while inter-regional
exchange is still in an embryonic stage [19]. In Poland, the new administration body: the National
Water Management Holding Polish Waters, was established in 2018 with the intention to consolidate
water management, including flood risk management. In Sweden, a lack of strategic discussions at
the national level was explicitly acknowledged as an important weakness of the national flood risk
governance arrangement [15].

On the other hand, more room should be created for bottom-up activities: local and regional
stakeholders (preferably at the river basin level) draft flood risk reduction plans together that are
based on their objectives and are hereby supported with funding and expertise from the higher
governments. Moreover, regions and municipalities should coordinate upstream and downstream
measures. Multi-level governance is necessary because diversification of flood risk management
approaches makes it very unlikely that a single governmental actor can oversee and implement
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complete portfolios of approaches. Multi-level governance is also necessary because often experiences
at the local level, derived through pilots and experiments as in The Netherlands [16], hold valuable
lessons that deserve upscaling. This requires some degree of coordination of experiments as well as
translation and dissemination of their findings.

A key example of a bridging mechanism is the Flemish and Dutch water assessment, which
intends to bridge water management and spatial planning [16,19]. Through the assessment, the impact
of spatial planning actions on the water system, be it permits or plans and programs, are systematically
scrutinized. Hence, flood risk managers can ensure that the strategies of flood risk prevention and
flood mitigation are routinely considered in spatial planning processes, bringing together actors at
the local level. Another prominent example is the designation of properties as at risk properties. For
instance, England knows the duty of property owners to inform prospective buyers of flood risks.
Belgium and France have procedures to designate flood zones, e.g., signal areas in Belgium and areas
falling under the auspices of the PPRI (the national Plan de Prevention de Risk d’Inondation) in France.
The designation of high-risk zones leads to additional requirements and restrictions in the Belgium
case, while it might lead to the prohibition of urban development or at least severe restrictions to it in
the case of France [17,19].

3.3. Increased Involvement of Private Actors, Including Businesses, NGOs, and Citizens in Addition to Strong
Public Involvement

In the European Union context, governmental actors are playing a strong role in establishing and
maintaining vital infrastructure. These actors alone, however, cannot implement a comprehensive
portfolio of flood risk management approaches. Hence, the involvement of private parties in flood
risk governance, including businesses, Non Governmental Organisations (NGOs), and citizens, is
necessary to enhance flood resilience. First, from a substantive viewpoint, the input of a diverse set of
resources and capacities that are embodied in the expertise and knowledge of stakeholders is needed
to implement a diverse set of flood risk management approaches as governmental institutions do
not have all the necessary resources to cope with complex flood risks [9]. Second, from a normative
perspective, participation in decision-making is considered important because participation enhances
the legitimacy of measures that are taken to decrease flood risks and contributes to representative
deliberation, procedural and distributive justice, and socio-political acceptability [30].

Private sector involvement is needed to strengthen all three capacities. Measures that enhance
the capacity to absorb and recover cannot be taken by governmental actors alone, while enhancing
the capacity to adapt and transform inherently necessitates the involvement of a broad set of societal
actors. Think of house-owners who need to make their houses flood-proof and insurance companies
that need to activate flood prevention more.

Companies can contribute to flood risk governance through public-private cooperation. A good
practice in this respect is the English Partnership Funding Scheme which obliges local authorities, the
private sector, or civil society to match national government funding. Thus, actors with a financial stake
in flood risk management that have not been previously actively involved can enter into the governance
strategies at the project level [14]. Countries which have private flood insurance mechanisms require
cooperation between public and private actors, since public actors are often the reinsurers of the
last resort.

Citizens in their capacity of residents can take actions in and around their homes. First, new
houses should be built to be flood-proof. The implementation of property level measures such as the
(dry or wet) flood-proofing of houses or the creation of capacity for rainwater retention (through green
roofs and other infiltration capacities) can complement actions that are also taken by governmental
actors. Citizen involvement in these cases may be necessary for substantive reasons (e.g., because
measures are taken on private properties), however also for normative reasons (e.g., because citizens
should have a say in issues in which they have a stake or out of the ‘beneficiary pays’ principle, i.e., the
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belief that those benefitting should implement measures [31]). That is why co-production between
citizens and governmental actors is increasingly called for.

In a European context, however, we see that public authorities have traditionally taken the
lead in flood risk management and are struggling with how to best engage citizens. There is a
tendency for citizens to adopt a paternalistic “the-government-should-take-care-of-me” attitude,
while communicating flood risks to citizens and companies is made difficult by the highly technical
language of flood managers, which is poorly understood by the public or is poorly communicated [32].
A prime example is the involvement of citizens in fluvial flood risks in The Netherlands. While flood
consequences in The Netherlands are relatively large, there is a serious lack of flood awareness and
corresponding action being possible or taken by residents [16,33] that is only changing gradually.
However, the lack of action being taken can to some extent be explained out of a lack of action
perspectives, e.g., in areas in which possible inundation depths are high and flooding occurs fast.
In their efforts to co-produce with citizens, governmental actors are focusing mainly on pluvial
flooding [31]. Engagement of residents in flood risk governance seems to be highest in England [14]
and Poland where Voluntary Fire Brigades have an important role in flood preparation [18]. In England,
this seems to be directly related to the fact that the country has already diversified its portfolio of flood
risk management strategies, combined with dedicated measures that lead to flood consciousness such
as awareness campaigns by the Environment Agency (Bristol, UK). The frequent floods of the past
years have undoubtedly contributed to this level of flood awareness. In Poland, the relatively high
level of flood awareness seems to be more directly attributable to the occurrence of devastating floods,
most notably that of 1997 [18]. In terms of involving residents in co-producing flood risk management,
Belgium, France, and Sweden seem to rank between these extremes.

3.4. Adequate Formal Rules that Balance Legal Certainty and Flexibility

Flood risk governance requires a delicate balancing act between legal certainty—that is the
assurance that one’s rights are clear and will be respected—and flexibility which might be necessary
for adaptive governance [34,35]. To establish the different resilience capacities, both are needed to
some extent.

Legal certainty means that decisions are based in law and are possible to foresee. There are
differences in the degree to which individuals in the different countries are sure of their rights and to
what extent actions/decisions in respect of these rights can be predicted. Legal certainty is required
to achieve clarity about responsibilities amongst public authorities and communities, for instance
about what level of flood protection can be ensured or aimed for and who is responsible for this.
It furthermore provides clarity on the scope of formal powers based on the several relevant policy
fields, the legal instruments that are available, and the legal basis for taxes, insurance schemes, and
compensation to be used for flood risk management. Hence, legal certainty provides much needed
structure and guidance, which is a necessary precondition for achieving sufficient capacity to resist as
well as to absorb and recover. Land-use planning can, for instance, be used to keep people away from
the water, i.e., steer development away from flood prone zones. However, the legal certainty provided
by land-use plans differs between the various countries. In Sweden, only detailed plans (zoning) are
legally binding for individuals and there are no mechanisms to ensure their implementation, while in
The Netherlands, land-use or spatial plans are legally binding and provide certainty regarding the
possibilities to use land and property for diverse functions. It is, for example, not possible to change the
function of agricultural land towards a flood retention area without a formal change of the designated
function that the land use may have in a spatial plan and often also involves related compensation for
the land owner. The same goes for Room for the River projects and dike reinforcement projects, as
rivers and dikes are being designated as such in a spatial plan. This protects citizens in that they know
when and where they can expect changes in the possibilities to use their land. Regulating restrictions
in land use—especially of private property—need explicit changes in land use plans (by means of a
formal change of the plan itself or a formal permission to deviate from the plan) and related regulations
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in order to provide private actors legal certainty and to enable them to take investment decisions based
on adequate information of their rights and responsibilities.

On the other hand, to achieve a high capacity to adapt and transform, formal rules should
also provide enough flexibility to enable tailored local approaches and adaptive pathways whereby
a change in course is possible if dynamics require it, e.g., due to urbanization or climate change
patterns. At the same time, we face the challenge of not sacrificing legal certainty, including the
possibility to hold public authorities accountable [34]. Flexibility and the possibility to adapt because
of changing circumstances is generally provided by multiple year planning cycles, for example, the
six year planning cycle of water plans in The Netherlands. A new planning period should take new
circumstances into account and should mention the proposed measures for the coming years, thus
providing insight into new policies and possible restrictions for citizens. As the preparation of new
plans takes place with participation of the public, more adaptive and still legitimate policies can be
introduced. Long-term strategic planning combined with short-term operational planning provides
citizens with clarity on what can be expected in the near future. The issue of legal certainty versus
flexibility is ubiquitous and is typically “solved” on a case-to-case basis. Some laws and legal rules
are said to be “better” than others in this respect, for example, performance based rules, since these
imply both requirements and flexibility in implementation. The possibility to appeal and revoke
(plan) decisions is, however, an important feature of a flexible system that still adheres to the principle
of (procedural) legal certainty. In Sweden, this is legally possible, however it is unusual due to the
municipal planning monopoly.

In Europe, the establishment of formal rules is taking place both at the European Union (EU) and
at the national level. At the former level, in 2007, the Directive 2007/60/EC on the assessment and
management of flood risks (Floods Directive or FD) was introduced. This is widely seen as an important
step towards establishing a minimum common flood management framework. The FD obliges EU
Member States to establish flood risk assessments; draw flood hazard and flood risk maps and make
flood risk management plans that should be revised every six years. The main consideration that
drove the establishment of a European approach was to ensure international solidarity amongst other
rules by mandating that measures do not significantly increase risk to societies elsewhere [36]. The
FD has been effective in establishing greater discussion and consideration of flood issues, particularly
in those countries where flood management was underdeveloped. There are, furthermore, instances
whereby the FD has stimulated improvements in regional, national, and transboundary flood risk
management and cooperation [36–38].

The FD takes a procedural approach and leaves the Member States a large amount of policy
discretion about how they want to design flood risk management. It takes flexibility and subsidiarity
as the main points of departure. However, both the nature and implementation of the FD lead to
concerns about its ability to achieve its aims. An important lesson is that its lack of substantive
requirements and strong reliance on procedural obligations might undermine its ability to lead to
increased flood resilience [34–36]. The FD may serve as a good practice to develop a comprehensive
overview of flood risks, which enables decision-makers and the broad public to be aware of the risk in
their living environment. The cyclic planning and programming approach with plans and programs
that must be revised every six years makes it possible to adapt and learn. The FD may help to decrease
external effects, despite the differing political, legal, and policy contexts that are present. It is a policy
choice whether the legal framework for flood risk governance should embody only a procedural or also
a substantive approach. The advantage of a purely procedural approach is that it respects the different
geographical conditions and leaves policy discretion to the individual states in terms of how much and
in what ways they want to improve flood risk governance. However, clear definitions are necessary to
ensure the coherent implementation of flood risk governance frameworks, especially in the case of
transboundary river basins [39,40]. The advantage of a combined procedural and substantive approach
is that there is also more clarity about the level of protection that will be offered and about who is
responsible for the design, development, and implementation, adding to legal certainty. As of now,
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this is not the path taken in the approach that is laid down in the Floods Directive, which through its
procedural approach, can be seen as non-committal. The lack of substantive requirements implies that
individuals cannot rely on the Directive directly, however they are referred to the discretion of the
national legislation and the way that the national courts deal with this [36]. The differences between
the several Member States that are part of the research are significant. The Netherlands has legally
binding safety standards that provide clarity on the scope of the governmental responsibilities for
flood protection. The other countries do not have these standards and citizens should determine
the level of flood protection and the scope of their private responsibilities in a more indirect way by
interpreting policy documents.

3.5. The Assurance of Sufficient Resources

Diversification of flood risk management strategies requires resources, including finances,
knowledge, and capacities, that are possibly formalized in legislation, for example, when flood
protection is paid from general or designated taxes [4–44]. Flood resilience will be stimulated when
sufficient and satisfactory resources are mobilized and dedicated to multiple flood risk management
approaches. Resources channeled into one approach should not lead to underinvestment in other
approaches. This will to some extent entail a reallocation of resources [20]. In this regard, we see
two important developments that, from a resilience perspective, provide opportunities and risks:
private investments and decentralization. These may help to broaden the resource base of flood
risk management.

In Europe, typically the nation state and general tax income play the principal role in flood risk
management. The nation state is also responsible for the education of experts and providing legal
frameworks for management. In many countries, financial resources for flood risk management have
been under pressure, in particular after the 2008 crisis, due to central budget constraints. Involvement
of local governments, businesses (e.g., insurance), communities, and household owners is, however,
increasing. At the same time, an increasing appeal is being made to local governments as well as private
actors to take up more responsibility in flood risk management [9]. From a resilience perspective,
this has, in principle, the advantage that the resource base is broadened and that locally tailored
approaches are enabled, strengthening the capacity to adapt and transform and the capacity to absorb
and recover. However, decentralization as well as reliance on private investments is not without
risks. A lack of funds and expertise at the level of local communities can limit the development of
approaches [42]. It may also have distributional effects and justice implications in that it is often
economically marginalized groups and territories that suffer from floods. There may also be a financial
incentive for local governments to permit spatial developments in at-risk areas [9,42].

In The Netherlands, for example, protection against floods is strongly based on the solidarity
principle, as every person in a certain area has the same level of protection. Resources are provided by
taxes from the regional water authorities combined with funding by general taxes. Investments that
have to be made for dike reinforcements or flood retention areas include the costs to compensate those
who suffer more than others because the measures will make use of their private property [28].

In terms of resources, in The Netherlands, the division of resources mirrors the relative importance
that is attached to flood defense, with many financial resources going to large dike strengthening
projects for which a special fund has been designated (https://www.infomil.nl/onderwerpen/lucht-
water/handboek-water/wetgeving/waterwet/financiele/deltafonds/), while maintenance is paid
from tax revenues of regional water authorities. This notwithstanding, as part of the Delta program,
pilots at the local level are also taking place, leading to the additional development of knowledge and
expertise and the exchange of experiences. England has had a long-standing approach to funding flood
risk management from central government funds through a dedicated budget. This commitment has
been a stabilizing factor and consistent investment has led to the incremental improvement of flood
risk management (FRM) which was further strengthened in 2015 through the adoption of a 6-year
investment program [45]. Funds are allocated to areas using economic prioritization and it recognizes
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the management principle that resources are limited and not all risks can be avoided. From 2012, a
new Partnership Funding approach was adopted [46] which aims to raise a proportion of the funds
locally, thereby placing a higher burden of those benefitting from FRM (and questions remain about
fairness and the success of delivery) [14], however increasing the overall investment for FRM and
permitting more management measures to be funded.

3.6. Appropriate Normative Principles for Dealing with Distributional Effects

The governance of risk bestows benefits and imposes burdens in several ways [42] as virtually all
measures and policies have distributional effects [28,47–49]. The development towards a diversification
of flood risk management approaches will probably be no exception. A consequence might for instance
be an increased financial burden for at-risk households [48,49] or for agricultural businesses that are
confronted with restrictions in crop use because of Room for the River projects based on new restrictions
in land-use plans or the designation and use of flood retention areas. Another consequence might
be a transfer of safety/money between upstream and downstream communities and ‘privatization’
of responsibilities to non-stake actors and stakeholders [50,51]. While in principle inequity in the
distribution of the benefits and burdens can be dealt with through targeted actions [28], in reality
it might prove difficult to identify vulnerable groups and to design instruments with the desired
effect. Because of this, resilient flood risk governance requires mechanisms to ensure social equity
and to address ‘unfair’ distributional effects. The Netherlands has a strong history in dealing with
distributional effects, while, for example, France and Belgium show different approaches depending on
whether measures are based on spatial planning or water management [49]. This might lead to a choice
for a flood risk management measure that increases the unequal distribution of burdens or, on the
contrary, a choice that best suits fairness in flood risk management. Examples of different mechanisms
with different underlying normative principles are: (i) the partnership funding in England which
encourages local actors and stakeholders to engage in FRM and facilitates flood defense schemes;
(ii) the constitutional right to flood protection in The Netherlands which is enacted through legal safety
standards based on risk type [30]; (iii) compensation regimes/schemes which increase equity, and
mechanisms for compensating losses. These are present in most of the researched countries [52].

To put such mechanisms in place, inclusive societal debates are needed that lead to the
establishment of adequate normative principles that are seen as fair and legitimate [9]. Depending on
the (national) context, different principles may be preferred. Whereas from a solidarity perspective it
would be considered fair that people in low risk areas also contribute to flood protection measures,
if fairness is interpreted as ‘beneficiary pays’, the situation will be perceived as fair if contributions
are based on risks or on benefits [53]. Another principle that could be applied is to give priority to
measures that protect the most vulnerable people [54] in those countries that do not take solidarity
and protection for all as the basis for their flood risk policies. It seems that approaches presuppose
different normative systems. Flood defenses which have a public good character seem to be based on
the solidarity principle. At the same time, a market-based system can still be based on the solidarity
principle [55], such as in France. To increase the acceptability of flood risk management measures,
debates on what is seen as desirable and how and to what extent different strategies may help to realize
these normative ideals should be held in the open rather than be restricted to a selective number of
public officials and experts [9,53]. Diversification of flood risk management strategies might serve as a
mechanism to open up such debates, since it implies that flood managers have to make a shift from
highly technical jargon towards more lay language.

4. Discussion and Conclusions

The current paper has addressed an important knowledge gap in that governance and legal
knowledge on flood risk management was relatively limited and fragmented until recently. While
the number of studies in this field has increased over the years, the step towards the identification of
overall governance strategies that can be deemed applicable in multiple contexts had not yet been
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taken. The six governance strategies laid down in this paper have addressed this gap. Besides that,
we further elaborated a visualized categorization of five modes of flood risk management (flood risk
prevention, flood defence, flood mitigation, flood preparation, and flood recovery). The distinction
between these five modes might form a precious source for teaching and for the improvement of the
awareness of policy makers and possibly also citizens in order to enhance their involvement in flood
risk governance.

In a fully flood-resilient society, the three resilience capacities (capacity to resist, to absorb and
recover, and to adapt and transform) are sufficiently present and well-aligned to increase effectiveness.
In practice, however, countries make trade-offs and focus flood risk governance efforts on specific
capacities, leading to differences in countries’ strengths and weaknesses regarding flood resilience.
For instance, England has all three capacities developed to a large extent, whereas The Netherlands
is focusing much on the capacity to resist. Trade-offs are made based on normative starting points,
physical circumstances (e.g., rainfall patterns, altitude and gradient of physical terrains, the degree of
complexity of river systems), institutional and social contexts, and available resources [9]. However,
well-elaborated choices are essential, taking diversification and alignment of flood risk management
approaches as an important starting point.

Flood resilience also means the efficient use of resources (economic, human, technological),
maximizing desired outputs and minimizing required inputs. (Societal) Cost Benefit Analysis [56]
is considered to be a helpful tool to improve resource efficiency by selecting cost-efficient measures.
Recent research also points to the usability of other financial tools that use Life Cycle Cost and Return
on Investment as important decision variables [57].

Flood resilience can only be achieved when the legitimacy of governance strategies is not
questioned: the input, process, and output should be legally legitimate and societally acceptable.
Access to information and transparency, procedural justice, and accountability is well organized in the
analyzed European countries, however there is room for improvement on the criteria of social equity,
public participation, and acceptability by all actors that are involved [21]. These issues appear to be
important in all countries that face huge flood risks.

The lessons derived from the STAR-FLOOD project have clearly shown that there is no concrete
‘one size fits all’ solution for achieving flood resilience. In that sense, there clearly is a limit
to decentralization policies. Governance strategies should be specified and tailored to physical
circumstances as well as institutional and social contexts. Nevertheless, the six governance strategies
proposed in the current paper are a fruitful starting point for achieving such context-specific flood
resilience. We maintain that these strategies have a wider meaning internationally. For instance,
Tullos’ [58] findings on the weaknesses of flood risk management in the USA strikingly apply to
the European Union (EU), despite all the political, economic, and social differences between the two
entities. Her call for reducing reliance on the structural measures resonates with the main finding of
the STARFLOOD project that flood risk management strategies have to be diversified. The strategies
proposed in this paper could also be relevant beyond Europe [59], for example, in several metropoles
such as Bangkok, Mumbai, Jakarta, and Mexico City. These metropoles are in the front line of flood
risk due to their overwhelming rate of urbanization and their lack of resources as compared to
European metropolises.

In terms of the next steps, the six governance strategies point to important research themes that
deserve to be considered further. Additional detailed case studies as well as studies in geographical
regions other than Europe are necessary. These may help to further assess the relationship between
governance and legal approaches and mechanisms and their outcomes in terms of flood risk reduction
(the ‘what works?’ question). Issues to be taken up in this strand of research include the social
and institutional mechanisms that facilitate or hamper the diversification of flood risk management
strategies; the precise functioning and effectiveness of certain bridging mechanisms in different
contexts; the mechanisms that may facilitate citizen co-production; and the types of resources that are
present in different circumstances. At the same time, normative evaluations of flood risk governance are
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in order (the ‘is it fair?’ question), including the question of whether public debate on these questions
is taking place. Assessments of these debates (e.g., through stakeholder analyses or argumentative
discourse analyses) need to be related to institutionalization, e.g., in legal frameworks. We invite other
scholars to join us in this exciting endeavor.
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Abstract: Many older Midwestern cities of the United States are challenged by costly aging water
infrastructure while working to revitalize urban areas. These cities developed much of their
water infrastructure before the Clean Water Act became law and have struggled to mitigate
contaminant loading to surface waters. An increasingly common approach to resolving these
challenges is the integration of green infrastructure with gray infrastructure improvements to manage
point and non-point source pollution. Stakeholder engagement and collaboration during green
infrastructure planning can help address impairments and promote community involvement through
the revitalization process. Mill Creek watershed in Cincinnati, OH, USA has seen improvement in
watershed integrity indicators after being impaired for many decades by flashy hydrology, combined
sewer overflows, and water quality degradation. A workshop was conducted to examine how
integrated green and gray infrastructure has contributed to improvements in Mill Creek over the
past several decades. This effort sought to examine internal and external factors that influence a
multi-stakeholder watershed approach to planning, implementing, and evaluating green infrastructure
techniques. Community investment and physical infrastructure, access to datasets, and skills and
knowledge exchange were essential in improving use attainment in the Mill Creek. Strategic placement
of green infrastructure has the potential to maximize water quality benefits and ecosystem services.
However, green infrastructure deployment has been more opportunistic due to the diversity of
stakeholder and decision maker interests. Future work should consider collaborative approaches to
address scaling challenges and workforce development to maximize green infrastructure benefits.

Keywords: use-attainment; social network analysis; urban planning; governance; social infrastructure

1. Introduction

Watershed management in aging urban cities of the Midwestern United States is an expensive
but critical need [1,2]. These cities have unique challenges including flashy hydrology, channelized
and buried streams, and combined sewer overflows (CSOs) from merged stormwater and wastewater
infrastructure [3–5]. In addition, these watersheds have impervious surface areas ranging from >10% to
>26% [3,6]), inter-watershed transfers to meet water resource demands [7], and changing precipitation
patterns that challenge resource managers to meet use attainment goals identified through the Clean
Water Act.
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Achieving use attainment may be addressed by introducing green infrastructure (GI) in
combination with traditional engineering and stormwater management practices [2,8]. The term “green
infrastructure” was defined by amendment to section 502 of the Federal Water Pollution Control Act as
“the range of measures that use plant or soil systems, permeable pavement or other permeable surfaces
or substrates, stormwater harvest and reuse, or landscaping to store, infiltrate, or evapotranspire
stormwater and reduce flows to sewer systems or to surface waters [9].” GI can help divert pollutants,
mitigate flooding, improve groundwater infiltration, and provide some cost savings to private and
public expenditures [8]. Strategically placing GI in urban watersheds may extend the benefits of these
installations, but current practices have been more opportunistic due to the complex sociopolitical
mosaic in which these strategies are deployed.

Siting GI in degraded urban waterways requires careful design, planning, and negotiation by
watershed management groups and communities. In the Mill Creek Watershed of Cincinnati, Ohio,
USA, GI strategies have incorporated rain gardens, permeable pavement, bioswales, green roofs,
land conservation, cisterns, groundwater infiltration installations, stream restoration, and stream
daylighting. Daylighting, also referred to as de-culverting, is a radical type of GI that involves the
transformation of a buried or piped stream back to an open channel [10–12]. For some communities,
these GI implementations have been intended to improve the aesthetics of waterways, while watershed
management organizations seek to improve water quality and stormwater management. Two leading
organizations involved in planning and implementing GI in Cincinnati are the Municipal Sewer
District of Greater Cincinnati (the Sewer District) and the Mill Creek Alliance (MCA). The Sewer
District has sought to mitigate CSOs by combining infrastructure upgrades with stream restoration.
MCA, a Groundwork USA Trust and advocate for equity in the watershed, has sought to improve
ecosystem resiliency and watershed integrity by introducing rain gardens, bioswales, and investing
in stream restoration. Rain barrels have also been implemented as part of a pilot effort to research
GI incentives [13]. Community engagement has been a high priority for both groups for successful
planning and implementation of GI, but more work is needed to understand how these strategies and
techniques feed into a watershed-wide approach for use attainment. Furthermore, it is unclear how
monitoring and evaluation is utilized once projects have been implemented to better inform future
planning and implementiation of GI.

This study is based on a workshop with stakeholders from the MCA, the Sewer District, University
of Cincinnati, United States Geological Survey (USGS), United States Environmental Protection
Agency (USEPA) Region 5, and EPA Office of Research and Development to discuss designing natural
GI through interdisciplinary collaboration. The purpose of the workshop was to examine green
infrastructure in the Mill Creek watershed and glean lessons learned that could be shared with other
similar communities to move toward strategic placement of GI. A stakeholder network analysis
was used to identify stakeholders and how their roles affect the establishment of GI in the Mill
Creek Watershed. Additionally, a strength-weaknesses-opportunities-threats (SWOT) analysis was
conducted to determine internal versus external and positive versus negative factors affecting GI, such
as daylighting Congress Run, a buried tributary within the Mill Creek Watershed (See Supplementary
Material Figure S1). Our objectives were to define and to document lessons learned from the workshop
regarding internal strengths and weaknesses as well as external opportunities and threats influencing
(1) GI planning, (2) implementation, and (3) evaluation. This article broadly synthesizes findings from
our approach and identifies research gaps regarding future strategic placement of GI.

2. Materials and Methods

2.1. Study Area Description

The Mill Creek watershed is a 437 km2 HUC 10 (0509020301) located in southwestern Ohio, USA
(−84◦29′24”, 39◦15′0”; see Figure 1; [14]). The Great Miami River basin bounds the watershed in the
northwest, the Little Miami River basin to the east, and the Ohio River and direct tributary watersheds
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to the south and west. The total elevation difference from Mill Creek’s headwaters in Butler County to
the barrier dam in Hamilton County is 107 m. Upper Mill Creek has a wide valley bottom with an
approximate width of 2.4 km. Lower Mill Creek narrows considerably and has an extensively modified
concrete trapezoidal channel that flows through a highly urbanized, industrial landscape. The four
major tributaries are underlain by thinly inter-bedded layers of shale and limestone bedrock, except in
the lower confluences of the metropolitan area, where the creek has been armored. Thirty-year average
annual precipitation is 1072 mm, but inter-annual precipitation differences have deviated greatly from
the average with annual precipitation ranging from 931 mm to 1861 mm in the last 18 years [15].
The watershed is highly urbanized with 21.0% (91.8 km2) impervious surface and approximately
78.9% (345 km2) developed land as of 2011 [16]. Soils are distributed heterogeneously throughout the
watershed but are dominated by well drained to excessively drained urban-Urdothents complexes [17].

The Mill Creek watershed has a complex mosaic of geographical, political, and jurisdictional
boundaries. The watershed is divided amongst Hamilton, Butler, and Warren counties. Thirty-six
different municipalities are fully or partially within the Mill Creek watershed (see Supplementary
Material Figure S2). Within the largest municipality of Cincinnati, Hamilton county recognizes
47 different jurisdictions represented by 52 different community councils (See Supplementary Material
Figure S3; [18]). The watershed is also divided into 11 facility planning areas (FPAs) managed by
Ohio-Kentucky-Indiana Regional Council of Governments, a Metropolitan Planning Organization
that maintains water quality management plan as required by section 208 of the Clean Water Act.
The majority (71%) of watershed falls within the boundary of the Sewer District, which serves a
population of >850,000 (Figure 1). The Sewer District’s boundary crosses into eight different HUC
10 watersheds. Like many midwestern cities, the Sewer District is under consent decree (Civil Action
No. C-1-02-107) with the U.S. EPA, the U.S. Department of Justice, and Hamilton County. This legal
agreement requires a CSO discharge reduction of 7.6 billion liters per year (or 66%) by 2019 [19,20].
Before the consent decree, Mill Creek watershed contained over 200 CSOs and sanitary sewer overflows
(SSOs), a challenged municipal wastewater treatment plant, numerous industrial point discharges, and
deteriorating sewage collection systems [19]. Through the consent decree, the Sewer District developed
Project Groundwork, a multi-billion dollar and multi-year initiative to implement hundreds of sewer
improvements and stormwater control projects, including implementing green infrastructure [21]. Over
the past several decades, these projects and others have helped improve watershed integrity [19,22].

Even with this progress, GI planning and implementation has been challenging due to various
social, political, and technical challenges. One example identified was the daylighting of a
sub-watershed. Congress Run is a 77.6 km2 HUC 12 (040509020301) with 79.4% developed land and
35.6% impervious cover [22]. Congress Run has been listed as a priority project in multiple watershed
plans [22,23]. A stretch of the stream was buried in a 183-m corrugated metal culvert under a golf
course owned by Duke Energy. Multi-year plans were made to daylight the stream by removing
the culvert and studying the effects of restoration, but various barriers delayed implementation
and complicated evaluation. These barriers included divergent landowner interest, discovery of
underground obstacles, and financial cost. Furthermore, effective and consistent monitoring of these
sites in the urban environment presents its own challenges; these include the loss of monitoring
equipment due to extreme flows, vandalization of equipment, hazardous stream banks, and lack of
ideal spots for flow gages. These collective challenges are significant to the strategic placement and
evaluation of GI that influence overall watershed integrity. Thus, Congress Run was presented as
a case study to highlight challenges in the planning, implementation, and evaluation of GI in Mill
Creek Watershed.
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Figure 1. Map layout for Mill Creek Watershed and contributing facility planning areas (FPAs). Locations
of combined sewer overflows (CSOs), sanitary sewer overflows (SSOs), and green infrastructure (GI)
installations are juxtaposed to demonstrate the complex mosaic of the system’s hydrology and
its stressors.
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2.2. Workshop and Follow-Up Meetings

In September 2017, a meeting was convened in Cincinnati, OH to discuss past GI efforts and
identify strengths and weaknesses in the planning, implementation, and evaluation process. The topics
covered were both broad and specific. Broadly, attendees discussed some of the regulatory frameworks,
public engagement opportunities, and needs for expanding GI. Specifically, Mill Creek and the
Congress Run case study combined sewer improvements to meet use-attainment goals with stream
restoration and daylighting a failing culvert. Invited participants represented various organizations
that were involved in planning, implementation, and evaluation of green infrastructure in the Mill
Creek watershed. The participant organizations included EPA Office of Research and Development,
EPA Region 5, United States Geological Survey (USGS), the Sewer District, Mill Creek Watershed
Council of Communities and Groundwork Cincinnati–Mill Creek (now joined together as the MCA),
and the University of Cincinnati.

A stakeholder network analysis was conducted to understand how various stakeholders were
affiliated with one another. Researchers and managers are often interested in understanding how social
relationships that compose complex governance structures like that of Mill Creek hinder or promote
good water resource management practices. Stakeholder network analysis is increasingly being used
as a tool in natural resource management to identify critical stakeholders within a network [24–26].
There are many social network analysis techniques [25,27–29], and our effort focused on network
affiliation for understanding how different organizations coalesce and diverge from watershed-based
goals. Network participants were identified through the workshop and follow-up meetings by creating
an inventory of identified partners and collaborators of watershed stakeholders.

A SWOT analysis was conducted to organize relevant concerns raised during the workshop [30].
SWOT is a strategic planning tool for complex situations that aids decision making by condensing
information into four categories [30]. In SWOT, internal strengths and weaknesses can include financial
resources, efficiency and capacity, structure, image, and others [30]. External opportunities and threats
can include regulatory, political, economic, and environmental issues as well as new technologies
and social changes, among others [30]. When considering whether a factor was internal or external,
participants were asked to share their organization’s perspectives. As a result, this SWOT analysis
combined the perspectives of multiple individuals from different organizations. Within a year of the
workshop, follow-up discussions were held with workshop participants to evaluate the SWOT analysis
results and further refine conclusions.

3. Results

3.1. Stakeholder Analysis

Planning, implementing, and evaluating GI projects has required communities to see value in GI
projects. Each municipality has unique goals and priorities based on its community makeup and desire
to achieve improved water management outcomes. Within the Mill Creek Watershed, the Sewer District
and MCA play a leadership role in planning, implementing, and monitoring green infrastructure.
Though the motivation for these two organizations is different, both have been successful in adding
GI. Figure 2 demonstrates their network affiliation with local municipalities, government agencies,
other non-profits working in the watershed, and additional ad hoc partners that may participate
in GI efforts. A clear result of this analysis is that the network is somewhat partitioned between
government agencies that interact with the Sewer District and non-profit groups that interact with
MCA. These two organizations are connected through their relationship with communities in the
Mill Creek Watershed. Though these relationships do not inherently lead to strategic placement of
GI for improved watershed integrity, GI implementations were more likely when communities had a
relationship with both organizations. Thirteen of the 28 (39%) communities served by both MCA and
the Sewer District had GI installations, whereas only one out of the eight (13%) communities served
strictly by MCA had GI installations (Figure 2).
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Figure 2. Stakeholder network map for GI planning, implementation, and evaluation in the
Mill Creek Watershed. Green nodes are communities with GI installations. Yellow nodes are
organizations responsible for planning and implementing GI. Nodes are clustered by organization
type (i.e., government agencies versus communities). ACE: Army Corps of Engineers; OKI:
Ohio-Kentucky-Indiana Regional Council of Governments; NPS: National Park Service; FWS: US Fish
and Wildlife Service; MCA: Mill Creek Alliance; USGS: United States Geological Survey; EPA: United
States Environmental Protection Agency; CUFA: Communities United for Action.

For MCA, working in the Mill Creek watershed means partnering with 36 political jurisdictions,
interest groups, and community councils, many of whom have different values (Figure 2). Of these
36, only 12 have GI installations, and the largest municipality (Cincinnati) has the most (Figure 2).
MCA also partners with other non-profit groups that are not inherently responsible for planning,
implementation, or evaluation of GI. These groups tend to have special interest in broadly improving
watershed integrity and engaging in river clean-up activities, citizen science water quality monitoring,
and building social infrastructure for environmental recreation. To achieve its mission of community
empowerment, MCA has several funding sources, including National Park Service (NPS), National Fish
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and Wildlife Service (FWS), Ohio Environmental Protection Agency, and the Sewer District (Figure 2).
For the Sewer District, working in the Mill Creek watershed includes collaborating with a variety of
stakeholders, contractors, and subcontractors to meet the requirements of the consent decree as well as
community interests. Though the Sewer District partners with 43 municipalities, only 28 are within the
Mill Creek Watershed (see Figures 1 and 2). The Sewer District is subject to federal and state oversight
via the Ohio-Kentucky-Indiana Council of Governments (OKI), the Army Corps of Engineers (ACE),
and Ohio EPA. Ohio EPA also receives support for GI from the US EPA through its Regional Green
Infrastructure Coordinator, the Office of Water, and the Office of Research and Development.

In the case of daylighting Congress Run, the stakeholder network has been dynamic. Before the
assessment began, stakeholders included Mill Creek Watershed Council of Communities, Groundwork
Cincinnati, the municipality of Springfield Township, the private landowner (Duke), the land manager
(Duke’s Hartwell Golf Course), adjacent landowners (Byer Steel), and researchers from University
of Cincinnati and US EPA Office of Research and Development. During this process, Mill Creek
Watershed Council of Communities and Groundwork Cincinnati combined to form the Mill Creek
Alliance (MCA). Simultaneously, there was concern that this stream daylighting and restoration
project would negatively impact the experience of golfers due to the wide corridor needed for stream
restoration. During the planning efforts, the golf course closed, and the impact to golfers ceased to be a
consideration to the restoration project planning and implementation. Changes observed during the
study period captured the fluid nature of a stakeholder network seeking to plan and implement GI
within a group demonstrating diverse values.

Identifying the boundary of the stakeholder network affiliation came with some difficulty, as has
been documented in several stakeholder network assessments [24,29,31,32]. Through the workshop and
subsequent follow-up meetings, GI and watershed stakeholders identified their network and explained
how they interact within their network. This approach might have meant that some unidentified but
meaningful stakeholders were not considered for this stakeholder network analysis. Thus, this analysis
does not preclude that other stakeholders may be playing a role in GI planning, implementation,
and evaluation for the Mill Creek Watershed. Similarly, this analysis is limited in capturing and
predicting the dynamics of the stakeholder network because social networks are constantly changing
as connections between stakeholders sever or form [24,33–35]. To this point, the role of individuals
who champion watershed integrity and advocate for GI throughout the watershed is worth noting.
Several individuals were identified as key players in establishing relationships among communities
and organizations. One outstanding question in this stakeholder network analysis is how the networks
will change as these key individuals are no longer able to act as champions in the watershed.

3.2. Green Infrastructure Planning

3.2.1. Inventory of GI Plans

Stakeholders identified comprehensive plans proposing green infrastructure to improve system
integrity; however, additional research was needed to identify many of these planning documents
(see Table 1). The objectives of these plans included, but were not limited to, expanding stream
restoration, improving canopy cover up to 40%, and encouraging the installation of green stormwater
management systems to capture, slow, and infiltrate stormwater during moderate and large rain
events [22]. Stakeholders broadly identified many strengths, weaknesses, opportunities, and threats to
these plans. An internal strength of incorporating GI into formal watershed and other location-based
plans is that it can provide a roadmap for strategic placement of GI. An additional strength of formal
plans is that they can improve continuity of vision across changes in political administrations as well
as local organizational turnover. An external opportunity from these plans is they can enable and
strengthen eligibility for funding GI implementation and evaluation (e.g., the Nine-element Nonpoint
Source Implementation Strategic Plan for Congress Run–Mill Creek HUC-12 enables eligibility for Clean
Water Act (CWA) section 319 grant funding [22,36]). An internal weakness was the lack of formalized
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accountability in GI plans (e.g., the Green Cincinnati Plan lacks a structure for accountability [37]).
Collectively, this SWOT analysis indicated that taking a careful inventory of existing plans at the
watershed scale may be critical to achieving improved use-attainment in waterways, but these plans
need to be comprehensively reviewed by decision makers for long-term success. Likewise, creating
these inventories can better inform where gaps exists in the planning, implementation, and evaluation
of GI at the watershed scale.

Table 1. National, regional, and local strategic plans affecting GI in the Congress Run-Mill Creek
Watershed.

Scale Strategic Plan Title Lead Organization Purpose

National
Ohio River
Watershed

(528,360 km2)

A Framework for
Ecosystem Restoration of
the Ohio River and its
Watershed [38]

Ohio River
Foundation

Restore the Ohio River and
its watershed.

Regional

Butler, Clermont,
Hamilton, and

Warren Counties in
Ohio (4532 km2)

Water Quality
Management Plan for
Butler, Clermont,
Hamilton, and Warren
Counties in Ohio [39]

OKI Manage water quality in the
greater Cincinnati region.

Local
Cincinnati
Sewershed
(751 km2)

Wet Weather Improvement
Plan [40]

Metropolitan
Sewer District of

Greater Cincinnati

Fulfill consent decree
requirements pertaining to
submission of the CSO Long
Term Control Plan Update
and the Capacity Assurance
Program Plan.

Mill Creek
Watershed
(440 km2)

Lower Mill Creek
Watershed Action Plan [23] MCA

Improve “water quality and
ecological health in the
Lower Mill Creek Watershed
that will, in turn, create
more livable neighborhoods
and provide public health,
environmental, social, and
economic benefits for many
years to come.”

Mill Creek
Watershed
(440 km2)

Mill Creek Watershed
Greenway Trail Master
Plan [41]

MCA

Improve water quality and
floodplain management and
contribute to economic
well-being.

City of Cincinnati
(206 km2)

Plan Cincinnati; A
Comprehensive Plan for
the Future [42]

Cincinnati City
Council

“Redefines our city and
what it means to be a
thriving urban city.”

City of Cincinnati
(206 km2)

2018 Green Cincinnati
Plan [37]

Mayor’s Steering
Committee

Provides a roadmap guide
for transitioning the area
into a more sustainable,
equitable, and resilient city.

Congress Run
Watershed
(77.6 km2)

Nonpoint Source
Implementation Strategic
Plan; Congress Run–Mill
Creek HUC-12 [22]

MCA

Prioritize nonpoint source
pollution reduction
strategies and projects in the
Congress Run–Mill Creek
HUC-12. This plan enables
eligibility for Clean Water
Act section 319 grant
funding.

3.2.2. Social Infrastructure for GI Planning

There was consensus among the workshop participants that an internal strength of GI planning is
that it provides communities an opportunity to participate in the planning process. Community-based
planning has provided the opportunity for communities to provide input, but it has been met with
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mixed success [33–46]. The Sewer District has been mandated to conduct regular townhalls to
incorporate community values into their GI planning process. However, some local organizations
have demanded greater transparency from the Sewer District (e.g., Communities United for Action),
and communities regularly express frustration about rising sewer costs. In contrast, MCA is not
providing sewer services and is not federally mandated to plan or implement green infrastructure, thus
they have more flexibility to invest in their social infrastructure (community relationships, education
programs, and green workforce development). MCA has sought to implement GI when communities
or individual landowners have expressed interest in protecting and enhancing the value of the Mill
Creek and its tributaries. Though the Sewer District and MCA are structurally different, they both
depend on social infrastructure investment when seeking to implement GI at the watershed scale.
The challenge of effectively building social infrastructure has been identified by other research efforts
in the Midwest [47–50]. Poor acceptance of using GI strategies has occurred most frequently in
communities with lower socioeconomic status [48,50]. These communities may not have valued GI
strategies because they cannot support increased housing costs and property values that come with
these implementations [51], or because other environmental justice issues take precedence. Thus,
planning GI efforts may need to be reconciled with other community needs.

3.2.3. Funding and Governance in GI Planning

Future funding for GI planning was identified as an external threat in the workshop and follow
up discussions. This threat was tied to the challenge in quantifying the benefits for GI. Funding for
planning may depend on the structure and efficacy of local governments, sewer districts, metropolitan
planning organizations, and non-profits. Funding for planning GI installations in Mill Creek has
historically come from multiple sources. The Sewer District has derived some of its funds for GI
planning through grants and low-interest construction loans but mainly through customer billing.
However, Cincinnati has one of the highest quarterly billing rates of all major cities in the state
of Ohio [52]. Furthermore, the Sewer District, like most municipal sewer districts in the Midwest,
contracts out design and planning of GI due to a limited in-house workforce capacity (Figure 2). MCA,
a non-profit organization, does not receive dedicated funding for GI planning but does receive funding
for GI implementations through Ohio EPA, Ohio Department of Natural Resources, National Fish &
Wildlife Foundation, National Park Service, US Forest Service, and through the Sewer District. Funding
mechanisms were commonly identified as a challenge in GI planning, as many Midwestern cities
implement GI under conditions of competing needs. As a result, few funds have been dedicated to
helping cities develop good GI plans that lead to meaningful GI installations [53]. Though this phase
of the process might be viewed as sweat equity for these organizations, improving funding for the
planning process has the potential to improve strategic implementation.

3.2.4. Tools and Models for GI Planning

There are multiple models and datasets available to aid in GI planning, though it is unclear how
often these are used in urban Midwestern watersheds. The EPA has developed tools such as the
Stormwater Calculator (https://www.epa.gov/water-research/national-stormwater-calculator), which
estimates the annual amount of rainwater and frequency of runoff from a specific site to help planners
and property owners improve stormwater management. The Stormwater Calculator uses data from
national databases that provide soil, topography, rainfall, and evaporation information for a chosen site.
The user supplies information about the site’s land cover and selects low impact development (LID)
controls they would like to use. The LID controls include seven green infrastructure practices. Another
EPA tool is the Green Infrastructure Wizard (GIWiz; https://www.epa.gov/sustainability/giwiz), which
is a digital repository of GI-related resources and tools. None of the workshop participants were
actively using these EPA tools in their day to day work. The Sewer District contracted with the Midwest
Biodiversity Institute to develop an Integrated Prioritization System to prioritize their response to the
CSO Consent Decree and for Capital Improvement Planning [54]. The Integrated Prioritization System
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was able to identify sites and stream reaches where use attainment was substantially good and bad,
thus allowing the Sewer District to develop plans for sites with high degradation. This approach may
be equally as meaningful for other urban Midwestern watersheds seeking to integrate GI to improve
use attainment. However, there is a need to improve GI planning tools and models for public use and
decision making.

Another challenge to the use of tools and resources is opportunistic pressure. Some of these tools
may require substantial technical expertise and time investment, and this can be a limiting factor
for organizations seeking to plan strategically. Stakeholders with MCA have used the EJSCREEN
Tool (https://www.epa.gov/ejscreen) to identify areas with low-income or minority populations to
support educational programs and grant writing. Older cities in the Midwestern United States have
unique challenges in improving environmental conditions that may be addressed in part by resilient
natural GI in combination with traditional engineering and stormwater management practices. Many
community plans will commit to GI efforts for aesthetic improvement, but awareness of how it impacts
use attainment remains unclear and under prioritized.

3.2.5. Education and GI Planning

Stakeholders identified the lack of educational programs and workforce development programs
in GI planning as a threat and a weakness. University of Cincinnati’s School of Planning does
offer a Green Roofs Certificate program, which is one of the first in North America (https://daap.uc.
edu/academics/sop/overview/green-roofs-cert). There is also the option to become certified as an
Accredited Green Roof Professional (GRP) with the organization Green Roofs for Healthy Cities (https:
//greenroofs.org/grp-faq/). GI planning requires a diverse knowledge base including fundamentals of
urban planning, ecology, hydrology, and chemistry. Furthermore, planners may need knowledge of
landscape management as well as a capacity to develop social infrastructure with communities. More
research is needed to understand how emerging areas of water management and GI can be translated
to institutionalized and accredited programs for improved workforce development. Lastly, it is unclear
if organizations are positioned to hire and expand their workforce to incorporate trained individuals.
This issue is not new but remains a challenge for the planning process.

3.3. Green Infrastructure Implementation

3.3.1. Social Infrastructure for GI Implementation

Stakeholders identified GI implementation as an area for general improvement for Midwestern
urban watersheds. Implementation includes three phases: the engineering design, construction, and
maintenance of GI projects. Some of the long-term strategic plans were written for ideal circumstances
(Table 1), which rarely reflect the sociopolitical and environmental conditions in urban midwestern
watersheds. Support for GI has existed at many of the various levels of governance (i.e., municipalities,
jurisdictions, counties, state, and federal), but implementations have tended to be opportunistic
based on funding and land availability. Land dedicated to GI must either be purchased, donated,
occur on public property, or require some agreement between landowners and organizations seeking
to install GI. Similarly, many of these sites are highly degraded from historical land use practices
and require rehabilitation before GI can be installed. Thus, stakeholders pointed out that threats
and weaknesses to GI implementation have been multifold. First, there may be limited funding for
GI project completion, which may not include unexpected obstacles such as remediation of buried
hazardous materials. Second, implementation of GI is typically achieved by a menagerie of contractors
such as engineering firms for design, construction companies for building, and park department
employees or other organizations for maintenance. If these diverse teams are not well-coordinated,
there is a risk of miscomunication and inefficient GI management, leading to apprehension and a lack
of clarity regarding governance. GI maintenance and upkeep may be neglected without a clear plan,
funding source, and responsible party. Third, stakeholders noted that GI implementation has required
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a unique combination of skills, and as a result, creating job descriptions and bids for GI implementation
has been challenging. Consequently, this aspect of GI may be an area for growth if watershed scale
approaches are desired.

3.3.2. Funding and Governance for GI Implementation

Stakeholders expressed that funding was both a weakness and a threat to GI implementation.
These challenges were partly attibuted to difficulties in predicting costs, benefits, and tradeoffs of
GI in Midwestern cities. GI tends to be implemented under strict fiscal austerity [53]. As a result,
GI implementations that could be effective at the watershed scale may not be installed due to associated
costs. In their place have been smaller piecemealed GI efforts that may have impacts with a more
limited footprint. For example, during the study period, the Lick Run Project in the lower Mill Creek
Watershed was under construction to daylight a one-mile (1.6 km) reach and eliminate 1.5 billion liters
of CSO releases annually. The Lick Run stream restoration has been estimated to cost $193 million
USD for design and construction [21]. However, this project has not been without its complications.
The project included funding for land acquisition, but that funding was insufficient to acquire the
number of properties needed to meet the original plan for this project. Similarly, strategic planning
may require GI installations ubiquitously throughout the watershed, but not all communities may
have the economic capacity to meet the costs of GI. In Mill Creek, community groups must be able to
contribute 25% of the total project cost to qualify for certain grants. This cost may be too substantial
for communities where the benefits of GI installations and importance of environmental integrity are
not a high priority. Therefore, successful implementation is contingent upon key decision makers,
landowners, and social networks that bring these individuals together around community goals that
can include GI elements. As such, GI has been implemented where spatially possible and where
landowners and decision-makers were willing to support environmental resilience and improved
water quality downstream.

Stakeholders identified the lack of role clarity in governance of GI implementations as a weakness.
Efforts exist to support structured decision making for communities, but the impetus for implementation
may need to originate from within local communities to successfully engage in a process that supports
GI that is coordinated at a wider scale [55–57]. Watershed-wide implementation coordination exists
primarily through regional organizations such as OKI [22,49]. However, implementation on private
land has depended upon support from landowners who must weigh the advantages and disadvantages
of changes made to the landscape. Strategic planning at a regional level supports a watershed
approach but may lack authority and responsibility that rests with ownership and control of property.
Furthermore, stakeholders expressed that implementation of GI is frequently site specific due to local
soil conditions and existing infrastructure and can be difficult to translate to other sites. A need for
streamlining GI implementations could improve this barrier, but other research efforts have noted
that this may create divides between GI policy and practice [56,58]. As a result, it is unclear how
governance hierarchies would be able to provide guidance on sustainable management [59]; however,
the workshop participants advised that a clear plan and common understanding of who is responsible
for design, construction, and maintenance is critical.

3.3.3. Education and GI Implementation

GI implementation was identified as an opportunity to create market growth, jobs for workers with
a variety of educational backgrounds, and strengthened community engagement. There is a need to
improve education for professionals engaged in GI implementation and for communities to understand
the function and maintenance of their GI assets. Recent reports have demonstrated looming shortages
in GI and water skilled workers capable of engineering design, construction, and maintenance [60].
This gap represents an opportunity for academic institutions and workforce development programs
to engage students in multidisciplinary learning programs. Similar efforts have been documented
in the assessment of renewable energy [61]. Certification programs for professionals do exist (e.g.,
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National Green Infrastructure Certification Program for construction and maintenance [62]), but they
are relatively new, and their impact is unclear. The workshop participants also shared the need to better
define what skills are needed for the three phases of GI implementation as well as the need to develop
language for job descriptions. Much like the planning phase, installing GI implementations can require
a diverse skillset including knowledge on hydrology, ecology, engineering, construction, and landscape
management. Similarly, investment in community education and outreach regarding the potential
benefits of GI is needed to inform citizens who, in turn, have influence over planning and investments
in restoration or protection of source and recreational waters. Many workshop participants noted that
they themselves had not been well versed in GI terminology (e.g., rain garden, pervious pavement,
etc.) until they became engaged through their occupations. Thus, developing language specific to GI
implementation has been limited. This may be an artifact of institutional knowledge delay. Stakeholder
institutions that are less fluid in their adaptation to modern water management strategies may have to
play catch up with GI applications as a strategy for improved watershed integrity.

3.4. Green Infrastructure Evaluation

3.4.1. Inventory of GI Evaluations

Through the workshop and follow-up conversations, GI evaluation was identified as an area where
more work is needed, which matches larger multi-decade trends calling for better evaluation of the
mult-billion ecological restoration industry [12,63,64]. However, workshop participants considered
evaluating GI effectiveness to be a lower priority than implementing additional GI and sewer repairs. GI
evaluation is composed of monitoring the site for metrics relevant to project goals, analyzing monitoring
results, and potential adaptive management if needed. Though these metrics can be quantified through
a variety of experimental designs, workshop participants advised that the evaluation of use attainment
in waterways was a high priority [19,22]. This prioritization may be largely attributed to the governance
structures surrounding GI. Because regulations specific to GI have only recently been implemented (e.g.,
H.R. 7279 [9]), surface water regulations through the CWA have been the focus of evaluating GI impacts.
In Mill Creek, multiple water quality management practices (CSO reduction and GI addition) were
integrated together, which made it challenging to quantify water quality improvements attributable to
GI at a watershed scale. Published performance values for GI could be used to estimate the benefits,
but these are typically transferred from a different location, and there is uncertainty regarding the
appropriateness of these values given potential differences in climate, soils, and other factors [65,66].
Stakeholders pointed out that few pilot scale studies have been conducted in southwestern Ohio and
were uncomfortable applying general knowledge at site scale. Consequently, there is uncertainty
regarding how individual GI projects impact the Mill Creek at a watershed scale. Understanding the
watershed-scale effects of green infrastructure is an emerging science [67].

Evaluation of waterways in Mill Creek Watershed has been largely divided between many
stakeholder organizations—a common trend in Midwestern cities [53]. The purposes of these sampling
efforts vary, as do the methods, quality control, and data reporting procedures used. Organizations
involved in watershed management and implementing GI (e.g., the Sewer District, Ohio EPA, and
MCA) conducted longer-term monitoring of status and trends using standard methods over a
broad spatial scale [19,68]. In contrast, research focused organizations (e.g., academic institutions
and EPA Office of Research and Development) were more likely to use novel methods for ad hoc
shorter-term, smaller-scale experiments examining the effectiveness of specific practices or elucidating
mechanisms (e.g., [69]). The Sewer District has conducted long-term monitoring to demonstrate
potential improvements from management activities throughout the sewershed. Ohio EPA has
also routinely monitored surface waters throughout the watershed to understand if these resources
are meeting CWA water quality criteria (https://www.epa.ohio.gov/dsw/bioassess/ohstrat). MCA’s
monitoring efforts have been supported by trained citizen scientist volunteers who conduct monthly
water quality assessments for nine months per year on the following parameters: conductivity, pH,
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nitrates, total phosphorus, bacteria (Escherichia coli and total coliforms), Chlorophyll-a, and optical
whiteners [68]. The goal of these assessments is to identify potential improvement in the watershed
through GI and restoration efforts of the organization and provide some feedback on where to focus
future efforts. However, these evaluations are not tied directly to a specific GI installation. EPA ORD
and its contractors collect water samples in stream reaches of Mill Creek for method development and
performance evaluation, but these efforts are not designed to inform the watershed planning process.
The University of Cincinnati and other academic institutions also have student researchers seeking
to evaluate GI in Mill Creek, but like ORD, these efforts are not intended to inform planning within
the watershed. Though these organizations all have different motivations, improved collaboration
between organizations may lead to a better understanding of how waterways in Mill Creek Watershed
are changing as well as provide feedback mechanisms for how different land management practices,
including GI, are affecting reaches within the watershed.

Several robust indicators comprised of chemical, toxicological, and ecological measures have been
used to evaluate the Mill Creek watershed as various management actions such as sewer repairs and
GI were applied (Table 2). Ohio EPA conducted surveys in 1992, 1997, and 2014, and the Midwest
Biodiversity Institute (MBI) conducted surveys under contract with the Sewer District in 2011, 2013,
and 2016 using these indicators to determine whether sites in the Mill Creek watershed were meeting
their designated uses. Determining designated use attainment was done by examining whether
environmental parameters and indicators met criteria specified by Ohio’s Water Quality Standards
under the Clean Water Act for aquatic life and recreation. Recreational use attainment status was
determined by the fecal indicator bacteria, E. coli, which indicates the potential presence of pathogenic
organisms associated with fecal contamination [19,70]. Multi-metric biological indicators were used
to determine the health of the macroinvertebrate community {e.g., Invertebrate Community Index
(ICI); [19,71,72]}, fish community {e.g., Index of Biotic Integrity for fish assemblages (IBI); [19,72–74]
and the Modified Index of Well-Being (MIwb); [54,75,76]}, and habitat quality [Qualitative Habitat
Evaluation Index (QHEI)] to assess whether the aquatic life criteria were being met. Additionally, MBI
synthesized the results of multiple indicators and previous surveys into an area of degradation to
attainment (ADV/AAV) ratio and restorability score [19,54]. The ADV/AAV ratio showed significant
improvement in stream miles achieving use attainment in Mill Creek from 1992 to 2016 [19,54,77].
The purpose of the restorability score was to help prioritize sites for restoration; sites that are closer to
use attainment have higher restorability scores [54]. These indicators are complex but have provided
important insight to how watershed integrity is improving in the area. As a result, there is an
opportunity to see if these metrics can capture the impact of GI.

Table 2. GI related indicators that have been used within Congress Run-Mill Creek Watershed [19,54].

Indicator Description

Escherichia coli (E.
coli) criterion

Recreational water quality criteria are based on the amount of E. coli bacteria present in
a water sample. Levels of E. coli indicate fecal contamination and the potential presence
of pathogenic organisms.

Invertebrate
Community Index

(ICI)

Aquatic life water quality criteria are based in part on the ICI, which uses the
abundance and diversity of macroinvertebrates (such as mayflies, caddisflies, dipteran,
and tolerant organisms) to determine the health of the macroinvertebrate assemblage.

Index of Biotic
Integrity for fish
assemblages (IBI)

Aquatic life water quality criteria are based in part on the IBI, which expresses the
diversity and condition of a site’s fish community.

Modified Index of
Well-Being (MIwb)

Aquatic life water quality criteria are based in part on the MIwb, which is applicable in
streams with drainage areas >20 miles2 (52 km2). This index is based upon fish
assemblage measures including numbers, biomass, and two diversity indices (e.g.,
Shannon Index). The MIwb reflects the overall diversity and productivity of the fish
population and frequently responds before the IBI to improvements in water quality
and habitat.
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Table 2. Cont.

Indicator Description

Qualitative Habitat
Evaluation Index

(QHEI)

QHEI is a qualitative habitat evaluation assessment tool that identifies habitat variables
that are important for attainment of the Ohio aquatic life criteria.

Area of Degradation
to Attainment
(ADV/AAV)

The ADV/AAV ratio can be used to demonstrate the magnitude and extent of changes
in condition along segments between sampling years.

Restorability Score
(1–100)

To ease the interpretation of complex environmental data, individual stressors and
responses were ranked on a 1–100 scale linked to the tiered aquatic life uses codified in
Ohio’s water quality standards for prioritizing sites for restoration.

Though GI evaluation has not been prioritized in urban midwestern cities, substantial research
has been conducted to show how effective various forms of GI can be in the Midwest and
elsewhere [69,78–81]. In Shepherd Creek, a tributary of the Mill Creek watershed, Shuster and
Rhea (2013) evaluated the effect of a rain barrel incentive program on local hydrology and found that
parcel level GI could add small but significant decreases in runoff volume [78]. Efforts are ongoing in
Congress Run to determine the impact of daylighting streams on surface water quality and hydrology.
In northeastern Ohio, a paired sub-catchment study evaluating voluntary introduction of GI including
rain barrels, bioretention cells, and rain gardens demonstrated that these efforts have a significant
impact on peak flows in areas with small parcel sizes compared to larger lots [79]. In Missouri, a
nine-month evaluation of green roofs planted with Sedum spp. demonstrated a 60% reduction in runoff
volume relative to an impervious surface [69]. In the mid-Atlantic, watersheds with significantly more
GI were found to have significantly lower (44%) peak runoffwith less flashy hydrology [80]. Eckart,
McPhee, and Bolisetti (2017) reviewed case studies of GI and found that many implementations can be
successful depending on their location, local rainfall patterns, and relative area of contribution [81].
However, these authors also noted that there was still a significant amount of information unknown [81].
These efforts demonstrate that GI can have significant impact on watershed hydrology, and more
research is needed to eliminate uncertainties. Whether this research will be driven by creating better GI
plans, installing GI at locations where it can have the greatest impact, or increasing financial resources
available for GI evaluation remains unclear.

3.4.2. Social Infrastructure and GI Evaluation

Because evaluation is largely focused on informing how GI has impacted local hydrology and
water quality, less knowledge exists on whether this information is meaningful to communities that
adopt or are considering adopting GI. Stakeholders noted that this information could be meaningful to
decision makers and presented it as a future opportunity for GI research. Unfortunately, gathering these
data by the federal government is limited by the Paperwork Reduction Act of 1980 and will remain a
gap unless external stakeholders survey the communities in the planning process to understand what
factors of GI effectiveness are important. Likewise, integrated socioecological metrics may be needed
to integrate both community satisfaction with GI and use-attainment metrics. At the national scale,
socioecological indices have been linked to watershed integrity assessments for ecosystem services
and community well-being [82,83]. Future work evaluating how GI impacts social infrastructure could
provide insight into what communities value in their green space and could better inform GI planning
if they are sufficiently sensitive to urban watersheds.

3.4.3. Funding and Governance for GI Implementations

Stakeholders pointed to a lack of sufficient funding for evaluation of GI as a weakness, but
because it has a lower priority when compared to expanding implementation, evaluation will likely
continue to be underfunded in many Midwestern urban cities. This approach carries a general risk
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as GI is expanded as a watershed management strategy, but that may be acceptable if cities are
meeting use-attainment goals. Because funding for GI has generally come from private sources, sewer
districts, or non-profit groups, there is little impetus to evaluate how these structures impact the
local environment and the watershed. Stakeholders generally agreed that improving waterways’ use
attainment status was more critical than understanding how green approaches affected the integrity of
the entire watershed. In Mill Creek watershed, some funds have been available to academic institutions
to conduct assessments of GI, but those projects are likely focused on individual installations and do
not focus on improvement in the basin. Similarly, some research is completed by USGS and the USEPA
Office of Research and Development, but this research is rarely intended to inform the planning process
or provide insight on how GI may improve watershed integrity. Therefore, the impact of a mixed GI
approach on watershed integrity in Midwestern urban cities is likely to continue being a knowledge
gap. A potential solution to this problem would be to establish long-term study sites designed to
understand the impacts of GI, as has been established for agricultural practices in the Chesapeake Bay
(e.g., [84]). However, these efforts require dedicated funding and local support for long-term research.

4. Conclusions

GI continues to show promise as a watershed management strategy. In the Mill Creek watershed
of southwestern Ohio, there are many stakeholders working to expand GI within the watershed
through a strategic planning process. However, interdisciplinary collaboration between organizations
to achieve a strategic implementation has had many hurdles. Effective planning and implementation
of GI has required an established and positive relationship with multi-scale stakeholders such as
individual landowners, community groups, and larger municipalities. Deploying GI opportunistically
may be sufficient for improving use-attainment in local waterways, but it is difficult to distinguish
grey infrastructure improvements in the watershed from the GI additions. These hurdles are symbolic
of the disconnect among the planning process, the implementation, and the evaluation.

There are many tools available for planning, implementation, and evaluation of GI. However, it is
unclear how these tools are being used by community planners and GI implementers to identify the
ideal location for various GI installations. Strategic planning may require GI installations ubiquitously
throughout the watershed, but not all communities may have the economic capacity to meet the costs of
GI that could impact watershed integrity metrics. This contrast in strategic placement and community
need demonstrates why GI has become more opportunistic. More information is needed to find an
intersection where both use-attainment metrics and community needs are being met.

Similarly, a better confluence is needed between funding mechanisms and governance hierarchies
for GI. Many midwestern urban cities implement GI as a watershed management strategy to achieve
use attainment in urban waterways. However, fiscal austerity in these cities results in watershed
managers seeking balance between what is feasible and what has been planned. Improved guidance
on how GI is planned, managed, and evaluated has the potential to streamline some of the discordance
between planning and implementing. However, this will require funding for GI evaluation to identify
best practices.

Workforce development is a critical need for GI. More individuals with knowledge and technical
skills specific to the planning, implementing, and evaluation of GI are needed to ensure GI can evolve
with grey infrastructure improvements. Programs have begun to expand and provide opportunities
in the planning of GI, but more research is needed to understand how emerging areas of water
management and GI can be translated to institutionalized and accredited programs for improved
workforce development. However, stakeholder organizations will need to be positioned to hire and
expand their workforce to incorporate trained individuals.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/4/738/s1,
Figure S1: Summary of SWOT Analysis, Figure S2: Thirty-six different municipalities are fully or partially within
the Mill Creek watershed, Figure S3: Within the largest municipality of Cincinnati, Hamilton County recognizes
47 different jurisdictions represented by 52 different community councils.
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Abstract: Multiple actors across different institutional levels play a role in water governance.
The coordination of these actors is important for effective water governance. However, the joining
together of multiple actors can have several implications, such as a redistribution of power across
actors, a change in democratic control and citizen influence as well as shifting accountability structures.
These implications can involve different barriers and bridges that might impede or foster coordination.
Through qualitative and quantitative methods, we assess the following barriers and bridges for
coordination: (1) reputational power in terms of who is perceived as important for coordination in
the water sector; (2) democratic legitimacy in terms of actors’ value of local control of water services;
and (3) accountability in terms of the regional actors’ capacity to steer in the water sector. This article
focuses on three cases in a Swiss region that has experienced water provision challenges due to its
highly fragmented water supply structures. We find that reputational power serves as a bridge in
our three cases: when the actors responsible for water supply regard potential coordination partners
as important, then we observe coordination. In contrast, we do not find conclusive evidence to
support the assumption that a fear of losing local control is a barrier for coordination. Instead, our
results indicate that accountability, in the form of vertical steering by the regional actors, serves as a
bridge for coordination, and that this could help mitigate some of the potentially negative effects of
democratic legitimacy perceptions: through convening local actors or providing positive incentives
to municipalities to work together, regional actors can foster coordination.

Keywords: coordination; water supply; social network analysis

1. Introduction

Water systems are experiencing highly dynamic and conflicting societal demands and
environmental pressures [1]. Many of the prevailing and looming water crises are not necessarily due
to water scarcity or a lack of technological expertise, but rather because of poor management and
governance of available water resources and infrastructure [2,3]. The inability of current systems to
address these issues has led to calls for increased coordination among key actors [4]. Multiple actors,
both public and private, across different institutional levels, from local to international, play a role in
water governance. On the one hand, typically municipalities have been delegated the responsibility to
provide water services in cities [1]. On the other hand, regional, national and international as well as
private actors may play an important role in terms of oversight, technical knowledge and funding.

In this paper, we consider coordination as the joining of two or more actors in providing water
services. Coordination often initially involves actors at the same jurisdictional level [5]. Going beyond
this, coordination typically entails a whole network of organizations and entities that decide on and
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provide public tasks, rather than single public actors. This network of actors belongs to the public and
private sphere and includes actors from different jurisdictional levels [6–10]. In short, coordination
aims at establishing structures to enhance cooperation among a variety of actors to co-manage service
provision [11–13]. We focus on “observable” coordination in the form of existing organizational
structures, such as inter-municipal associations, through which actors jointly provide water services.

Different barriers and bridges might impede or foster coordination across multiple actors in the
water sector. In this contribution, we focus on three aspects: reputational power, democratic legitimacy
and accountability.

Firstly, coordination involves a redistribution of power amongst actors. Either municipal actors
have to delegate a degree of power to an inter-municipal form of coordination or they might delegate
this to regional (e.g., constituent state), private or even national actors. Therefore, a potentially
important precondition for coordination among actors is the degree to which actors perceive each other
as important and, hence, powerful [14–16]. Ideally, coordination could occur across levels (municipal,
regional or national as well as public and private). However, as municipal actors historically play
an important role in the provision of water provision [1], a first step would be the inter-municipal
coordination. Hence, regarding fellow municipalities as important would arguably play a critical role
for coordination. Following this, our first expectation is that if actors responsible for water provision
regard other municipalities as important, then this serves as a bridge for coordination.

Second, coordination can be opposed at the local level, often because of citizens’ and local
politicians’ participation concerns [17,18]. Indeed, urban water provision has traditionally enjoyed a
high degree of citizen influence. With coordination reforms, the concern emerges that decision-making
is no longer democratically legitimated if citizens can neither directly make decisions nor elect
the people who manage their utilities [19,20]. This relates to democratic legitimacy, where direct
and representative democratic elements such as citizens’ influence on public decision-making are
considered key for acceptable policies [21]. Hence, strong democratic legitimacy, that is local actors’
value of democratic control, may hinder coordination [17,18]. A perceived democratic deficit at the
local level has been found to be a barrier for coordination [18]. This leads us to our second expectation:
Strong democratic legitimacy, and thus, actors’ value of local influence on service provision is a barrier
for coordination.

Third, accountability mechanisms, such as the legal mandates traditionally fulfilled by public
authorities, play an important role for coordination reforms [22,23]. The broader water governance
literature typically defines accountability as a determinant of water sector performance [24]. Generally,
the literature links accountability to hierarchical control, that is, the accountability of water officials
to democratic institutions, as specified in water laws [23]. Hence, accountability is often tied to
the degree of regulation for water quality, infrastructure maintenance, etc. [25]. The literature on
accountability identifies many other (less hierarchical and less formal) accountability mechanisms,
based on reputation and internal discretion such as accountability through the professional norms,
media, and consumer choice [22,26,27]. For the purposes of this article, we focus on formal, hierarchical
means of accountability. In federalist systems, the locus of accountability is typically at the regional
level, as the municipalities must account to the regional water laws and officials [28]. We thus argue
that the regional level has a capacity to steer the local or municipal level. Through this steering
role, regional actors can support coordination through subsidies or mandates. Hence, a bridge for
coordination may be strong accountability, where the government’s capacity to steer is desired and
it has the necessary tools to do so [6,7,18]. Our third expectation is thus: Accountability, and thus a
strong (perceived) capacity of the region to steer serves as a bridge for coordination.

Empirically, we assess these expectations in the water supply sector in Switzerland, which
provides an interesting case to study coordination between municipalities and the regions (cantons) in
a federal system. Switzerland’s key peculiarities of direct democracy make it an extreme case to study
democratic legitimacy and accountability issues. The water sector is salient for such an analysis of
coordination, as it is characterized by high fragmentation [29].
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The aim of this article is firstly to identify the degrees of coordination in the Swiss water supply
sector and then shed light onto the bridges and barriers for such coordination. To do so, we proceed
in four parts. We first specify our case selection and methods. In the empirical part, we then
identify observed coordination by local and regional actors. Next, we outline the reputational power
constellations using Social Network Analysis (SNA), and then assess legitimacy and accountability
in the case studies. After discussing these results comparatively, we finally conclude with some
suggestions for future research trajectories.

2. Materials and Methods

We have purposively selected the jurisdiction of the canton (region) Basel-Landschaft, in
Switzerland, to conduct an analysis of the water supply sector because it has fragmented structures,
but pursues coordination processes. Increasing water quality and quantity demands as well as climatic
variations have led to growing challenges for these small water supply organizations to meet policy
goals. In an effort to improve their performance, the region has driven processes of coordination, but
the municipalities have largely resisted these reforms.

We have selected three case study areas within Basel-Landschaft that face different challenges:
Case 1 includes 18 municipalities and is peri-urban with water quality concerns in the context of
flooding and droughts. Case 1 spans a hydrogeological “water region” that cuts across canton
Basel-Landschaft and the neighboring canton Solothurn. This is why we have included the canton of
Solothurn in the interviews (see Appendix B). Case 2 encompasses eight municipalities and is rural
with water quantity challenges, as hillside municipalities experience water shortages during droughts
and are dependent on the water-rich valley municipalities. Case 3 spans 19 municipalities, is urban,
and faces water quality concerns due to the river Rhine and nearby industrial deposits. Case 3 spans a
hydrogeological “water region” that cuts across canton Basel-Landschaft and neighboring cantons,
Basel City and Solothurn. This is why we have included the latter two cantons in the interviews
(see Appendix B).

Our data comprise archival and documentary sources (laws and regulations) on the one hand,
and 23 semi-structured, in-person interviews on the other hand. Appendix B contains the list of the
interviewees. The interviews were conducted between June 2013 and February 2014, lasted between
60 and 90 min, and were recorded and transcribed.

To operationalize our dependent variable, we assessed the extent to which coordination is
occurring in the cases. We did this based on an analysis of the existing organizational structures
in terms of legal forms. That is, we first looked at the number of inter-municipal associations or
joint-stock corporations through which the local actors jointly provide water services. Second, we also
asked interview partners about ongoing processes to increase coordination. Third, we conducted a
qualitative assessment about who retains decision-making competence. A high degree of coordination
is defined as a situation with only a single inter-municipal organization where the local, municipal
level retains little control. A low level of coordination is when the municipalities each operate their
own water service system. A moderate degree of coordination involves a mix of inter-municipal
associations, joint-stock-corporations and individual municipal waterworks.

The subsequent research steps involved document analysis and semi-structured interviews.
To assess reputational power, we identified the key actors in all three cases. We did this by pinpointing
the leading agency responsible for water services at the regional level, as well as one project leader at
the local level as the two starting points for our snowball sampling. Through scoping interviews with
these actors per region, we identified additional actors, whom we also interviewed. This resulted in 8
interview partners for Case 1 and 9 interview partners in both Cases 2 and 3. We systematically asked
these actors (called “the core”) whom they perceived as important actors for water supply. In this way,
we were able to compile a list of 52, 46 and 42 collective actors and organizations, respectively, coding
them by their jurisdictional level (local, regional, national) and sector (private or public).
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To assess the reputational power of single actors in the network, we based our analysis on two
measures borrowed from Social Network Analysis (SNA). SNA assumes that formal and informal
arrangements and the involvement of a variety of actors are crucial for coordination [30]. In this
context, we define nodes in the network as public and private, including local, regional and national
organizations that are involved in the water supply sector (be it through management, regulation,
or supply and consumption). A tie in the network is drawn as soon as an organization mentions
another organization as important. It is thus a so-called directed network. We first calculate network
density per case and, thus, the share of observed relations compared to all possible relations in one
network [31]. Yet density is very sensitive to response rates in a network and to node-number per
network [32]. This is why we predominantly concentrated on the densities within our core networks,
as we have full data on these (all interview partners). Densities of the core indicate whether what we
initially identified as the most important actors in the cases are also perceived as such by the concerned
actors. In-degree centrality, that is the number of times the same actor is mentioned several times by
various interview partners, is the second indicator for reputational power. The more the same set of
actors are mentioned as being important (having high in-degree centrality), the more they are, thus,
tightly linked to the core of the network. Network densities and in-degree centralities were calculated
using UCINET 6.0 software.

We first measured democratic legitimacy in terms of citizens’ rights to elect those responsible for
service provision into office and to vote on projects and expenditure [20,33]. This provides us with an
indication of the formal democratic legitimacy as specified in the legislation. We then further assessed
legitimacy by asking interview partners how they perceive citizen influence and local competence in
relation to water service provision. That is, whether they value having a high degree of democratic
influence, which includes local competences and control over water services, and how this serves as a
bridge or barrier for coordination. This second component of the legitimacy analysis enables us to
identify the perceived democratic legitimacy in relation to bridges and barriers for coordination. We
realize that the formal and informal (values) may be interlinked, but what is interesting is that the
formal democratic legitimacy is constant across the three cases and the values are different.

Finally, we assessed accountability in terms of the degree of the regional government’s capacity to
steer [21]. Again, to identify the formal mechanisms, we first analyzed the relevant laws to pinpoint
the type of steering tools that the regional (cantonal) actors have vis-à-vis municipalities. We defined
steering tools as including planning processes, making recommendations, issuing mandates and
fines, denying concessions, or providing subsidies. We then asked interview partners about which
instruments are actually employed and how they perceive the regional government’s capacity to
steer, whether they prefer stronger or weaker steering and how the regional government’s capacity to
steer serves as bridges or barriers for coordination. We define stronger tools as those with more force
(e.g., denying concessions, giving fines or subsidies) and weaker tools as those with less force (e.g.,
making recommendations, planning processes). Again, we realize that the formally possible and the
actually employed and perceived accountability mechanisms may be interlinked. However, and again,
the former is constant across the three cases and the latter are different.

3. Results

3.1. Coordination

The organizational analysis shows that Case 1 has a moderate degree of coordination, as there are
five municipal water suppliers, one municipal waterworks that supplies additional municipalities,
three inter-municipal associations and one inter-municipal joint-stock corporation (see Table 1).
According to our interviews, we found that the inter-municipal organizations have been constructed
in such a way that the municipalities have retained a high degree of control, as the individual
municipalities can strongly affect the decisions. The municipalities running their own waterworks
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have been involved in a process to join in a new organizational form, but this has not materialized
thus far.

Table 1. Overview of water suppliers and types in Case 1.

Name Type

1. Wahlen Municipality Municipal water works

2. Dittingen Municipality Municipal water works

3. Kleinlützel Municipality Municipal water works

4. Röschenz Municipality Municipal water works

5. Liesberg Municipality Municipal water works

6. City of Laufen Municipal water works, but supplies three municipalities

7. Water Federation Birstal Inter-municipal association (task-specific association for water supply)

8. Lüsseltaler Water Association Inter-municipal association (task-specific association for water supply)

9. Water Supply Gilgenberg Inter-municipal association (task-specific association for water supply)

10. Regional Water Supply Birstal-Thierstein Inter-municipal joint-stock corporation (stockholders are all public)

Case 2 involves high coordination: there is one inter-municipal joint-stock corporation that
serves as a water distributor between the municipalities across the entire case area (see Table 2).
The municipalities retain only a minimal degree of influence as delegates sit on the board of directors.
The corporation owns the reservoirs and regional distribution pipes, while the municipalities own
their own water supply structure and retain water rights. There has been a process to integrate the
municipalities further into the corporation (through joint-ownership and joint water rights) but this
has not been successful thus far.

Table 2. Overview of water suppliers and types in Case 2.

Name Type

Water Supply Waldenburgertal

Inter-municipal joint-stock corporation (all stockholders are public)
Redistribution of water between municipalities as follows:

Water supplying municipalities: Hölstein, Oberdorf, Niederdof
Water receiving municipalities: Arboldswil, Bennwil, Lampenberg,

Ramlinsburg, Waldenburg

Like Case 1, Case 3 has a moderate degree of coordination, as there are four municipal waterworks,
two inter-municipal associations, and one inter-municipal joint-stock corporation (see Table 3).
A process to increase coordination by joining all waterworks together has been underway, but has failed
to date. Comparatively, the degree of coordination is slightly higher in Case 3 than Case 1, as there are
fewer organizational forms, despite having slightly more municipalities (19 vs. 18 municipalities).

Table 3. Overview of water suppliers and types in Case 3.

Name Type

1. Münchenstein Municipality Municipal water works

2. Arlesheim Municipality Municipal water works

3. Birsfelden Municipality Municipal water works

4. Muttenz Municipality Municipal water works

5. Task-specific association Waterworks Reinach Region Inter-municipal association (task-specific association for water supply)

6. Task-specific association Aesch, Dornach and Pfeffingen
(Basel-Landschaft and Solothurn) Inter-municipal association (task-specific association for water supply)

7. Joint-stock company Hardwasser AG Inter-municipal joint-stock corporation (all stockholders are public)
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3.2. Reputational Power

By asking core actors at the local and regional level about whom they perceive as important in the
water supply sector of Basel-Landschaft, we found that national actors are not perceived as playing a
prominent role in water service provision. The regional actors, the municipalities and inter-municipal
organizations enjoy the highest reputational power. Private actors, such as consultancies, do not play a
central role. However, both the regional actors and the municipalities contract them to accomplish
tasks and enjoy a degree of reputational power.

Table 4 summarizes data about the core actors in each case who we interviewed as well as all
the actors named as important in the case. We specify the share of local, regional, national and
public–private actors as well as two network measures, in-degree centrality and densities. Density is
an appropriate measure for the core of the network: All interview partners comprising this core had
the opportunity to mention all other interview partners as important actors. In this local and very
sector-specific context, one can expect that potentially important actors know each other. This is why a
density in the core below 50% can be considered as low, and everything above 50% can be considered
as high. The maximum density would be 1. The in-degree centrality then shows how many times local
actors, such as municipalities or waterworks, were mentioned to be important and are, thus, connected
to the core of the network. One word of caution concerning the density measure of the whole network:
these are not complete networks, meaning that only one-fifth of the actors in the network actually gave
their judgments about whom they perceive as important (but we controlled for this when calculating
densities). This picture could look very different if at least 50% of all actors in these networks had
answered the question about whom they perceive as important. However, these network constellations
provide us with insight regarding who the relevant actors are for coordination processes.

Table 4. Reputational power in three cases.

Total
Number
of Actors

Local Regional National Private
Avg.

In-Degree
Local

Density

Case 1

Core 8 6 (75%) 2 (25%) 0 0 5.5 80%
All 52 26 (50%) 10 (23%) 6 (14%) 7 (16%) 2.4 30%

Case 2

Core 9 8 (88%) 1 (11%) 0 0 5.6 65%
All 46 21 (46%) 12 (26%) 6 (13%) 7 (15%) 3.71 32%

Case 3

Core 9 7 (78%) 2 (22%) 0 0 4.86 50%
All 42 21 (50%) 12 (29%) 5 (12%) 4 (9%) 3.14 26%

Case 1 is the biggest network compared to the others. Fifty percent of the actors perceived as
important in the water sector are local actors (red nodes) and 23% are regional (cantonal) actors
(turquoise nodes). The local actors are only loosely connected to the core (average in-degree centrality
of 2.4, Table 4, Case 1; see also Table A1 in the Appendix A). Interestingly, the interview partners
prominently perceive regional actors (Table A1 in Appendix A; and turquoise nodes in Figure 1) as
important players in the water sector in Case 1. The national actors (blue nodes) and the private actors
(orange nodes) are far fewer and generally (with two exceptions) at the periphery of the network and,
hence, have a low degree of reputational power.
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Figure 1. Power in Case 1. Legend: Having 8 interview partners and 52 actors in this network, 408
connections are possible, and 124 were observed, which results in a density of 0.30. The overall density
(considering all potential relations if all the nodes had been active) is 0.047. Red = municipal/local;
Turquoise = cantonal/regional; Blue = national; Orange = private.

Similar to Case 1, in Case 2 almost half of the actors that were mentioned as being important for
water supply were local actors and 26% (red nodes) were regional actors (turquoise nodes; Figure 2).
In contrast to Case 1, a key aspect in Case 2 is that the local actors are well connected to the core (average
in-degree centrality of 3.71, Table 4, Case 2; see also Table A2 in Appendix A and red nodes at the center
of Figure 2) whereas regional actors (turquoise nodes; Figure 2) are not considered very important. In
contrast to Case 1, more national actors (blue nodes) are identified as important, but generally at the
periphery. The private actors (orange nodes) are fewer and at the periphery with lower importance.

Figure 2. Power in Case 2. Legend: Having 9 interview partners and 46 actors in this network, 414
connections are possible, and 132 were observed, which results in a density of 0.32. The overall density
(considering all potential relations if all the nodes had been active) is 0.064. Red = municipal/local;
Turquoise = cantonal/regional; Blue = national; Orange = private.

Like the other two cases, the interview partners mainly named local actors (red nodes) as
important for water provision (50%; Table 4, Case 3) in Case 3. However, there is a separation
into a divided core–periphery structure (see Figure 3): one consisting of municipal actors (red nodes)
and the other of mainly regional actors (turquoise nodes). Municipal actors in the periphery only link
to municipal actors in the core, and regional actors in the periphery only link to regional actors in the
core. Furthermore, regional actors also build a cluster internally linked to each other. Here we find
that regional and local actors do not seem to perceive each other as important for water provision.
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The in-degree centrality is between that of Case 1 and 3 (average in-degree centrality of 3.14, Table 4,
Case 3; see also Table A3 in Appendix A). In addition, and in contrast to the other two cases, the
national actors (blue nodes) are most clearly at the periphery. Private actors (orange node) have the
least importance in this case.

Figure 3. Power in Case 3. Legend: Having 9 interview partners and 42 actors in this network, 378
connections are possible, and 104 were observed, which results in a density of 0.26. The overall density
(considering all potential relations if all the nodes had been active) is 0.060. Red = municipal/local;
Turquoise = cantonal/regional; Blue = national; Orange = private.

In sum, we find that municipalities and inter-municipal organizations are both perceived as the
most important across all cases (approximately 50%). As such, municipalities and inter-municipal
organizations have the highest reputational power, regional actors have the second highest, and
national and private actors have the least.

3.3. Democratic Legitimacy

All three cases have historically had strong democratic legitimacy. According to the cantonal
law, the regional government has the formal decision-making rights and discretion to intervene at the
local level to safeguard water supply in its territory. However, the regional government has delegated
operational competence to the municipalities. Hence, municipal councils control the operational
decisions about water supply when the municipality provides water (through municipal waterworks).
Citizens have historically had a high degree of influence on the current structures, both indirectly by
electing their municipal councilors and directly by voting on large financial projects in the context of
municipal waterworks. Even in the case of inter-municipal organizations, the municipal councilors
sit on the board and make decisions. However, in such arrangements, the citizens can no longer vote
on large financial projects. In Switzerland, the legal form of joint-stock corporations means that the
municipalities have less control than inter-municipal associations. Hence, a joint-stock corporation
means less democratic legitimacy than inter-municipal associations.

In Case 1, interview data indicate that the actors’ values of democratic legitimacy are the lowest,
compared to the other two cases. That is, the interview partners do not place a high level of importance
on having an influence on their water provision. Instead, interviewees state that the difficulty in
deciding which competences the individual municipalities should give up and the need to clarify the
financial redistribution are the main factors that have created barriers for reforms (Interviews 3, 4, 5, 8).
While the former concern links to democratic legitimacy, as there is fear of losing local competences
and responsibilities, the latter has more to do with financial fairness. This latter aspect can potentially
be better solved at the regional rather than the local level, as the higher institutional level is responsible
for deciding redistribution across subsidiary actors. Hence, this also serves as an indicator that these
actors are rather open to the involvement of actors at the regional level and place a low value on
democratic legitimacy.
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In Case 2, we find democratic legitimacy values to fall between Cases 1 and 3. This is primarily
because we find a more differentiated perception of democratic legitimacy here than in the other two
cases. The values of citizen influence and local competences remain high in the water-rich valley
municipalities, as interviewees from the valleys express concern of losing their direct control over
decision-making (Interviews 9, 11, 13, 15). Conversely, the hillside municipalities prioritize engaging
in inter-municipal coordination with the valley municipalities over direct democratic influence, to
safeguard their water supply (Interviews 10, 12, 14; see above). Overall, the hillside and valley
municipalities tend to block in each other in decision-making processes.

In Case 3, values of citizen influence and local competences are the highest in comparison to the
other two cases. Here, several interviewees state that the municipalities want to retain sovereignty
over local water supply and that citizens’ ability to influence their local water supplier is considered
a high priority (Interviews 19, 21, 22, 23). One interviewee explains that “citizens’ ability to directly
influence their local water supply is fundamental, as this water is a key public service” (Interview 21).
What is more, this interviewee continues, is that people in this area want their water to come from their
municipality and not from a neighbor or distant water supplier. Several interviewee partners were
concerned about the quality of water provided by the joint-stock company, which draws its water from
infiltrated Rhine groundwater (Interviews 19, 21, 22). Accordingly, the high priority of democratic
control alongside water quality concerns has been found to be a barrier for coordination.

3.4. Accountability

Basel-Landschaft has a range of steering tools: the ability to grant or deny concessions for
water use, issue mandates and fines, and create Regional Water Supply Plans. However, a regional
interviewee says, “The canton lacks strong policy instruments to put pressure on the municipalities
( . . . )” (Interview 3) and, hence, cannot strongly promote coordination. Moreover, instead of using
mandates and denying concessions, the region has employed weaker steering tools, such as funding
planning processes for coordination.

Overall accountability is found to be moderate in Case 1; the regional actors have neither engaged
in a planning process nor in providing subsidies or issuing mandates to coordinate. The local actors in
this case wish that the regional actors would take on a stronger steering role, as they perceive this as a
bridge for coordination. Comparatively, the capacity to steer has been the strongest in Case 2, where
the region has been more active in convening the local actors in planning processes than in the other
two cases. This has served as a bridge for coordination (Interview 1.2). Similar to Case 1, the canton
has not engaged actively in steering Case 3. However, unlike Case 1, in Case 3 the, actors are most
averse to stronger regional steering and, hence, accountability is the weakest here, which has blocked
coordination reforms.

Interviewees in all three cases have indicate that the region particularly lacks incentive-based
steering tools. They argue that strong financial incentives could serve as an important means
for the region to steer. All local actors would rather be encouraged by incentives and want the
regional government to serve as facilitators for coordination processes; they do not want the regional
government to give them mandates (Interviews 3–23).

4. Discussion

We now discuss the observed coordination in relation to the bridges and barriers of reputational
power, democratic legitimacy and accountability for our three cases.

In Case 1, we observe a moderate degree of coordination in comparison with the other two
cases, as there are both municipal waterworks and inter-municipal organizations. Our analysis of
reputational power helps to explain a lack of further coordination within Case 1: the regional actors
have the highest reputational power in this network, as the interview partners regard these as the most
important. In line with our first expectation, this form of reputational power seems to be a barrier
for coordination as the key partners for inter-municipal coordination are the municipalities, but the
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municipalities do not all regard each other as important. However, coordination by a regional actor
(that is the canton) could be an option in this region, as the regional actors are considered the most
important. Similarly, the results on democratic legitimacy show that the actors do not place a high value
on having local influence on their water provider. These actors also regard financial redistribution as a
barrier toward coordination, which can potentially be better solved at the regional rather than the local
level. Hence, it is not surprising that the interview partners find regional actors more important for
water provision than local actors. The low degree of importance placed on democratic legitimacy has
not led to a high degree of coordination, but rather a moderate degree of coordination. We thus find
inconclusive evidence for our second expectation. Finally, we turn to accountability, where we find
that the regional actors have had only a moderate steering capacity, despite the wishes of the local
actors that the regional actors take a stronger steering stance, as they regard stronger accountability as
a bridge for coordination. This positive perception of accountability for coordination supports our
third expectation.

Case 2 is the most coordinated of all the three cases, as there is one inter-municipal organization
distributing water across all the municipalities. Our analysis of reputational power helps to explain
this. While all the cases have a considerable overall density, only in Case 2, we find that a variety of
municipalities are regarded as important and connect to the core of the network. This supports our
first expectation that if fellow municipalities are considered as important for water provision, then this
is a bridge for coordination. In contrast, the coordination in Case 2 cannot be conclusively explained
by our analysis of democratic legitimacy, which we find to be moderate, due to the diverging interests
of the hillside and valley municipalities who block each other. Hence, we can neither support nor
counter our expectation. Finally, in line with our third expectation, accountability seems to be an
important bridge for coordination in this case. Accountability is the strongest in Case 2 and we observe
the highest coordination.

In Case 3, coordination is also moderate albeit slightly higher than in Case 1, as there are fewer
organizational forms. Nevertheless, several individual municipal waterworks and inter-municipal
organizations exist. Reputational power helps to explain this form of coordination, as we find a clear
core–periphery structure where municipal and regional actors only link to their peers (municipal versus
regional actors, respectively). In contrast to Case 2, there is no strong integrated core of municipal
actors in this network. This provides a negative affirmation for our first expectation, as this lack of
regarding fellow municipalities as important seems to impede coordination. Our results on democratic
legitimacy for Case 3 also support our second expectation, as we find a high concern (the highest of
the three cases) about a loss of democratic legitimacy in this case, which is a barrier for coordination.
Conversely, and in line with our third expectation, we find that accountability in terms of the capacity
to steer is the weakest in this case, which impedes coordination: the local actors in this case place the
least amount of emphasis on the value of the regional government’s steering capacity. This is also
supported by the findings on reputational power, which shows that the local actors do not regard the
regional actors as important.

5. Conclusions

The current and often highly fragmented water supply structures face different socio-economic,
technical and biophysical challenges, even in highly industrialized countries [29]. To address these
difficulties and in order to deliver water of good quality and sufficient quantities, reforms have called
for municipalities to join forces and coordinate. In this article, we focused on coordination as involving
the joining of two or more actors to provide water services. To effectively (or not) provide public
services through coordination, such reforms first need to be realized, which often depends on power
relations as well as procedural aspects such as democratic legitimacy and accountability. We have
thus addressed three central bridges and barriers in the context of coordination: reputational power,
democratic legitimacy and accountability. We then studied coordination in the Swiss water supply
sector in Basel-Landschaft via social network analysis and interviews.
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As coordination involves a redistribution of power across actors, we first argued that reputational
power matters for coordination. Put differently, if actors regard potential coordinating partners—that
is, the municipalities—as important, then this is a bridge for coordination. We indeed found that
municipal as well as regional actors enjoy the highest reputational power across our three cases and
that it is the municipal actors that have engaged in coordination. In line with our first expectation,
we found that if municipal actors responsible for water service provision regard other municipalities
as important, then they are more likely to engage in actual coordination. The negative affirmation
of this was confirmed in Cases 1 and 3. In the former, the interview partners mainly perceive the
regional actors, rather than the municipal actors, as important and we found moderate coordination.
In the latter, we found a core-periphery structure without integration of the municipal actors. Finally,
our expectation on reputational power was affirmed positively in Case 2, where a variety of actors is
regarded as important and where we found the strongest coordination.

Second, we posited that a high preference for democratic legitimacy, with strong values of local
control and influence, is a barrier for coordination. Case 3 provides the strongest evidence to support
this, as our expected negative link between local actors’ prioritization of democratic control and effects
on coordination reforms was largely confirmed. However, despite a high concern about democratic
legitimacy, Case 3 has slightly higher coordination than Case 1, where we observe low concern
about democratic legitimacy. Indeed, our other two cases provide inconclusive evidence on for this
link between democratic legitimacy and coordination: In Case 1, we found that the actors do not
prioritize democratic legitimacy, but also consider arguments of financial redistribution in the context
of coordination, which might be more aptly solved at the regional rather than the local level. Despite
low values of democratic legitimacy, we only found moderate coordination in Case 1, rather than the
expected high level. In Case 2, we found that the hillside and valley municipalities largely blocked each
other with their contrasting viewpoints on democratic legitimacy, leading to moderate legitimacy, but
high coordination. In contrast to this lack of explanatory power of democratic legitimacy as a bridge or
barrier, we found that accountability is valuable. Indeed, our third expectation was that accountability,
in terms of the region’s capacity to steer, serves as a bridge for coordination. In all three cases, our
results support the expected positive link between accountability and coordination: the stronger the
observed or desired region’s capacity to steer, the stronger the coordination. Concretely, the regional
actor serving as a convener of the local actors in planning processes is a bridge for coordination (Case
2). Moreover, local actors in all cases say that they regard positive incentives (payments) by the regional
actors as bridges for coordination. In contrast, an aversion to steering from the regional level seems to
be a barrier for coordination (Case 3). This concurs with previous studies that have found that steering
from a higher institutional level is often required to foster coordination [28].

To summarize, we have found the following bridges and barriers for coordination in this study.
Reputational power serves as a bridge, as we found that if actors responsible for water provision
regard potential coordination partners as important, then we observe a higher degree of coordination.
We have not found conclusive evidence that high democratic legitimacy (strong local values of control
and influence) is a barrier for coordination. In contrast, we have found that accountability, in the form
of vertical steering by the regional actors, serves as a bridge for coordination.

These findings from the Swiss case of water supply in Basel-Landschaft are relevant to other
federal countries where local autonomy is juxtaposed with the clout of regions (in this case cantons),
albeit perceptions of democratic legitimacy might vary between localities. Moreover, democratic
legitimacy, and particularly the value of municipal control, is not only salient in Switzerland but also
across Western Europe, where we have seen recent citizen-initiated waves of re-municipalization of
outsourced public services [34].

Author Contributions: E.L. and K.I. conceived and designed the research approach; K.I. conceptualized the
reputational power part. E.L. conceptualized the coordination, democratic legitimacy and accountability parts.
E.L. conducted the empirical analysis. Both co-authors wrote the paper.

280



Water 2019, 11, 326

Funding: This research was funded by the government of Basel-Landschaft, Switzerland and the Competence
Centre for Drinking Water at the Swiss Federal Institute of Aquatic Research.

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

Appendix A

Table A1. In-degree centralities in Case 1.

Actor Type Actor (Total n = 52)
In-Degree

Centrality (Max. 8)

Regional actors
N = 14

Bureau of Environmental Protection and Energy Basel-Landschaft 6

Drinking Water Inspector of the region Basel-Landschaft 6

Bureau of Environment Solothurn 6

Drinking Water Inspector of the region Solothurn 3

Building Insurance Solothurn 3

University of Basel 3

Bureau for Military and Population Protection Basel-Landschaft 2

Industrial Works Basel (City) 2

Government of the Region Basel-Landschaft 1

Fire Inspector and Building Insurance Basel-Landschaft 1

Region Basel-City 1

Government of the region Solothurn 1

Building, Planning and Environmental Director Conference 1

Association of region Chemists 1

National actors
N = 5

Swiss National Association for Gas and Water 6

Swiss Association of Drinking Water Technicians 2

Federal Office of Food Security and Veterinary Issues 1

Federal Office of the Environment 1

Swiss Federal Institute of Aquatic Science and Technology 1

Municipal actors
N = 26

Water network “Birstal” 7

Drinking water technicians for the joint-stock corporation regional
water supply “Birstal-Thierstein” (RWV) and Water network “Birstal” 6

Joint-stock corporation regional water supply “Birstal-Thierstein” 6

Water supply “Lüsseltal” (Solothurn and Basel-Landschaft) 5

City of “Laufen” 5

Drinking water technicians City of “Laufen” 4

Water network “Gilgenberg” 4

Drinking water technician Water supply “Lüsseltal” 3

Municipality of Röschenz 3

Drinking water technician Water Supply “Gilgenberg” 2

Municipality of Dittingen 2

Municipality of Zwingen 2

Municipality of Wahlen 1

Municipality of Liesberg 1

Municipality of Kleinlützel 1

Municipality of Blauen 1

Municipality of Nenzlingen 1

Municipality of Brislach 1

Municipality of Breitenbach 1

Municipality of Büsserach 1

Municipality of Erschwil 1

Municipality of Meltingen 1

Municipality of Fehren 1

Municipality of Zullwil 1

Municipality of Nunningen 1

Municipality of Himmelried 1
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Table A1. Cont.

Actor Type Actor (Total n = 52)
In-Degree

Centrality (Max. 8)

Private actors
N= 7

Consultancy Sutter 5

Accountancy firm BDO Visura (joint-stock corporation) 2

Consultancy Holinger 2

Water technician joint-stock corporation Heinis 1

Consultancy Schmidlin und Partner 1

Consultancy Lienhard 1

Industry and Chamber of Commerce 1

Table A2. In-degree centralities in Case 2.

Actor Type Actor (Total n = 46)
In-Degree Centrality

(Max. 9)

Regional actors
N = 12

Bureau of Environmental Protection and Energy Basel-Landschaft 8

Region Drinking Water Inspector Basel-Landschaft 7

Bureau of Industrial Services Basel-Landschaft 2

Directorate of Finances and Church 2

Government of the region Basel-Landschaft 2

University of Basel 2

Bureau for Spatial Planning Basel-Landschaft 1

Region Basel-City 1

Regional Leadership and Civil Protection 1

Bureau of Statistics Basel-Landschaft 1

Bureau for Military and Population Protection Basel-Landschaft 0

Industrial Works Basel (City) 0

National actors
N = 6

Swiss National Association for Gas and Water 4

Swiss Federal Institute of Aquatic Science and Technology 3

Swiss Association of Drinking Water Technicians 2

“Aqua Viva” Swiss Action Group for the Protection of Rivers and Lakes 1

Federal Office of the Environment 1

Federal Office of Food Security and Veterinary Issues 1

Municipal actors
N =21

Municipality of Niederdorf 7

Municipality of Arboldswil 6

Municipality of Hölstein 6

Municipality of Oberdorf 6

Joint-stock corporation water supply Waldenburgertal 6

Drinking water technician Joint-stock corporation water supply Waldenburgertal 5

Municipality of Ramlinsburg 5

Municipality of Waldenburg 5

Municipality of Bennwil 4

Drinking water technician of Niederdorf 4

Drinking water technician of Oberdorf 4

Municipality of Lampenberg 4

Drinking water technician of Hölstein 3

Municipality of Langenbruck 3

Association of Basel-Landschaft Municipalities 3

Drinking water technician of Arboldswil 2

Drinking water technician of Bennwil 1

Drinking water technician of Lampenberg 1

Drinking water technician of Langenbruck 1

Drinking water technician of Ramlinsburg 1

Drinking water technician of Waldenburg 1
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Table A2. Cont.

Actor Type Actor (Total n = 46)
In-Degree Centrality

(Max. 9)

Private actors
N = 7

Consultancy Sutter 9

Consultancy GRG 5

Consultancy Holinger 3

Accountancy firm Schneeberger 2

Aqua Plus (private partnership firm) 1

Elektra Basel-Landschaft (cooperative) 1

Industry and Chamber of Commerce 0

Table A3. In-degree centralities in Case 3.

Actor Type Actor (Total n = 42)
In-Degree Centrality

(Max. 9)

Regional actors
N = 12

Bureau of Environmental Protection and Energy 9

Industrial Works Basel (City) 5

Region Drinking Water Inspector Basel-Landschaft 5

Building Insurance Solothurn 2

University of Basel 2

Bureau of Environment Solothurn 1

Bureau of Industrial Services Basel-Landschaft 1

Bureau for Military and Population Protection 1

Association of drinking water technicians Basel-Landschaft 1

Region Drinking Water Inspector Solothurn 1

Government of the region Basel-Landschaft 1

Region Basel-City 0

National actors
N = 5

Swiss National Association for Gas and Water 3

Swiss Federal Institute of Aquatic Science and Technology 2

Swiss Association of Drinking Water Technicians 2

Federal Office of the Environment 0

Federal Office of Food Security and Veterinary Issues 0

Municipal actors
N = 21

Joint-stock company Hardwasser AG 6

Municipality of Münchenstein 6

Task-specific association Waterworks Reinach Region 6

Municipality of Aesch 4

Municipality of Arlesheim 4

Municipality of Birsfelden 4

Municipality of Dornach Solothurn 4

Municipality of Muttenz 4

Municipality of Pfeffingen 4

Task-specific association Aesch, Dornach and Pfeffingen (Basel-Landschaft and Solothurn) 4

Municipality of Bottmingen 3

Municipality of Biel-Benken 2

Drinking water technician of Waterworks Reinach Region 2

Drinking water technician of task-specific association Aesch, Dornach and Pfeffingen (ZV
ADP) (Basel-Landschaft and Solothurn) 2

Municipality of Ettingen 2

Municipality of Oberwil 2

Municipality of Reinach 2

Municipality of Therwil 2

Municipality of Allschwil 1

Drinking water technician of Hardwasser AG 1

Drinking water technician of Industrial Works Basel 1

Private actors
N = 4

Consultancy Holinger 7

Consultancy Heinis AG 1

Pharmaceutical Industry 1

Industry and Chamber of Commerce 1
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Appendix B

Interviewee list

No. Actor No. of People Date
Region
1.1 Bureau of Environmental Protection and Energy Basel-Landschaft

Representatives 2 20131.2

2.1 Bureau of Environment Solothurn Representative 1 2013

2.2 Industrial Works Basel (City) 2 2014
Case 1
3 City councilor of the city of Laufen 1 2013

4 President of water network Gilgenberg 1 2013

5 President of joint-stock corporation regional water supply
Birstal-Thierstein 1 2013

6 President of waterworks Birstal 1 2013

7 Drinking water technician for the joint-stock corporation regional
water supply Birstal-Thierstein and Waterworks Birstal 1 2013

8 President of water supply Lüsseltal (Solothurn and
Basel-Landschaft) 1 2013

Case 2
9 President of joint-stock corporation water supply Waldenburgertal 2 2013

10 City councilor of Arboldswil municipality 1 2013

11 City councilor of Niederdorf municipality 1 2013

12 City councilor of Waldenburg municipality 1 2013

13 City councilor of Hölstein municipality 1 2013

14 City councilor of Lampenberg municipality 1 2014

15 City councilor of Oberdorf municipality 1 2013

16 City councilors of Ramlinsburg municipality 3 2013
Case 3
17 President of joint-stock company Hardwasser AG 1 2014

18 President of task-specific association Waterworks Reinach Region 1 2014

19 City councilor of municipality of Münchenstein 2 2014

20 President of task-specific association Aesch, Dornach and
Pfeffingen (Basel-Landschaft and Solothurn) 1 2014

21 City councilors of Arlesheim municipality 2 2014

22 City councilors of Muttenz municipality 3 2014

23 City councilors of Birsfelden municipality 2 2014

References

1. Larsen, T.A.; Hoffmann, S.; Lüthi, C.; Truffer, B.; Maurer, M. Emerging Solutions to the Water Challenges of
an Urbanizing World. Science 2016, 352, 928–933. [CrossRef]

2. Cosgrove, W.J.; Rijsberman, F.R. World Water Vision: Making Water Everybody’s Business; Routledge: Abingdon,
UK, 2014.

3. Ménard, C.; Saleth, R.M. The Effectiveness of Alternative Water Governance Arrangements. In Investing in
Water for a Green Economy; United Nations Environment Program/Routledge: New York, NY, USA, 2012;
pp. 152–174.

4. Leirens, S.; Zamora, C.; Negenborn, R.R.; De Schutter, B. Coordination in Urban Water Supply Networks
Using Distributed Model Predictive Control. In Proceedings of the 2010 American Control Conference,
Baltimore, MD, USA, 30 June–2 July 2010.

5. Bezes, P.; Fimreite, A.L.; Le Lidec, P.; LÆGreid, P.E.R. Understanding Organizational Reforms in the Modern
State: Specialization and Integration in Norway and France. Governance 2013, 26, 147–175. [CrossRef]

6. Vangen, S.; Hayes, J.P.; Cornforth, C. Governing Cross-Sector, Inter-Organizational Collaborations. Public
Manag. Rev. 2015, 17, 1237–1260. [CrossRef]

7. Kraak, A. Horizontal Coordination, Government Performance and National Planning: The Possibilities and
Limits of the South African State. Politikon 2011, 38, 343–365. [CrossRef]

284



Water 2019, 11, 326

8. Rethemeyer, R.K.; Hatmaker, D.M. Network Management Reconsidered: An Inquiry into Management
of Network Structures in Public Sector Service Provision. J. Public Admin. Res. Theory 2008, 18, 617–646.
[CrossRef]

9. Raab, J.; Kenis, P. Heading toward a Society of Networks. J. Manag. Inq. 2009, 18, 198–210. [CrossRef]
10. Shrestha, M.K. Self-Organizing Network Capital and the Success of Collaborative Public Programs. J. Public

Admin. Res. Theory 2013, 23, 307–329. [CrossRef]
11. Benz, A.; Fürst, D.; Kilper, H.; Rehfeld, D. Regionalisierung: Theorie—Praxis—Perspectiven; VS Verlag:

Wiesbaden, Germany, 1999.
12. Fürst, D. Regional Governance. In Handbuch Governance: Theoretische Grundlagen Und Empirische

Anwendungsfelder; Benz, A., Lütz, S., Schimank, U., Simonis, G., Eds.; VS Verlag: Wiesbaden, Germany, 2007;
pp. 353–365.

13. Frisken, F.; Norris, D.F. Regionalism Reconsidered. J. Urban Aff. 2001, 23, 467–478. [CrossRef]
14. Ingold, K.; Fischer, M. Drivers of Collaboration to Mitigate Climate Change: An Illustration of Swiss Climate

Policy over 15 Years. Glob. Environ. Chang. 2014, 24, 88–98. [CrossRef]
15. Fischer, M.; Sciarini, P. Unpacking Reputational Power: Intended and Unintended Determinants of the

Assessment of Actors’ Power. Soc. Netw. 2015, 42, 60–71. [CrossRef]
16. Ingold, K.; Leifeld, P. Structural and Institutional Determinants of Influence Reputation: A Comparison of

Collaborative and Adversarial Policy Networks in Decision Making and Implementation. J. Public Admin.
Res. Theory 2014, 26, 1–18. [CrossRef]

17. Cheng, K.-T. Governance Mechanisms and Regulation in the Utilities: An Investigation in a Taiwan Sample.
Util. Policy 2013, 26, 17–22. [CrossRef]

18. Kübler, D.; Schenkel, W.; Leresche, J.-P. Bright Lights, Big Cities? Metropolisation, Intergovernmental
Relations, and the New Federal Urban Policy in Switzerland. Swiss Polit. Sci. Rev. 2003, 9, 261–282.
[CrossRef]

19. Papadopoulos, Y. Cooperative Forms of Governance: Problems of Democratic Accountability in Complex
Environments. Eur. J. Polit. Res. 2003, 42, 473–501. [CrossRef]

20. Lieberherr, E. Trade-Offs and Synergies: Horizontalization and Legitimacy in the Swiss Wastewater Sector.
Public Manag. Rev. 2016, 18, 456–478. [CrossRef]

21. Schmidt, V.A. Democracy and Legitimacy in the European Union Revisited: Input, Output and ‘Throughput’.
Political Stud. 2013, 61, 2–22. [CrossRef]

22. Michels, A.; Meijer, A. Safeguarding Public Accountability in Horizontal Government. Public Manag. Rev.
2008, 10, 165–173. [CrossRef]

23. Pahl-Wostl, C. Water Governance in the Face of Global Change: From Understanding to Transformation; Springer:
Berlin, Germany, 2015.

24. Araral, E.; Yu, D.J. Comparative Water Law, Policies, and Administration in Asia: Evidence from 17 Countries.
Water Resour. Res. 2013, 49, 5307–5316. [CrossRef]

25. Furlong, K. Good Water Governance without Good Urban Governance? Regulation, Service Delivery Models,
and Local Government. Environ. Plan. A 2012, 44, 2721–2741. [CrossRef]

26. Van de Meene, S.J.; Brown, R.R.; Farrelly, M.A. Towards Understanding Governance for Sustainable Urban
Water Management. Glob. Environ. Chang. 2011, 21, 1117–1127. [CrossRef]

27. Klenk, T.; Lieberherr, E. Autonomy in Public Service Provision and the Challenge of Accountability: Insights from
German Policy Fields; The Hebrew University: Jerusalem, Israel, 2014.

28. Jordan, A.; Lenschow, A. Environmental Policy Integration: A State of the Art Review. Environ. Policy Gov.
2010, 20, 147–158. [CrossRef]

29. Teisman, G.R.; Edelenbos, J. Towards a Perspective of System Synchronization in Water Governance: A
Synthesis of Empirical Lessons and Complexity Theories. Int. Rev. Adm. Sci. 2011, 77, 101–118. [CrossRef]

30. Adam, S.; Kriesi, H. The Network Appraoch. In Theories of the Policy Process; Sabatier, P., Ed.; Westview Press:
Boulder, CO, USA, 2007; pp. 129–154.

31. Wasserman, S.; Faust, K. Social Network Analysis: Methods and Applications; Cambridge University Press:
Cambridge, UK, 1994; Volume 8.

32. Scott, J. Social Network Analysis: Developments, Advances, and Prospects. Soc. Netw. Anal. Min. 2011, 1,
21–26. [CrossRef]

285



Water 2019, 11, 326

33. Scharpf, F. Governing in Europe: Effective and Democratic? Oxford University Press: New York, NY,
USA, 1999.

34. Wollmann, H.; Balboni, E.; Gaudin, J.-P.; Marcou, G. The Multi-Level Institutional Setting in Germany, Italy,
France and the Uk: A Comparative Overview. In The Provision of Public Services in Europe; Wollmann, H.,
Marcou, G., Eds.; Edward Elgar Publishing: Cheltenham, UK, 2010.

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

286



water

Article

Aligning Climate Governance with Urban Water
Management: Insights from Transnational
City Networks

Jale Tosun 1,2,* and Lucas Leopold 1

1 Institute of Political Science, Heidelberg University, Bergheimer Straße 58, 69115 Heidelberg, Germany;
l.leopold@stud.uni-heidelberg.de

2 Heidelberg Center for the Environment, Heidelberg University, Im Neuenheimer Feld 229,
69120 Heidelberg, Germany

* Correspondence: jale.tosun@ipw.uni-heidelberg.de; Tel.: +49-6221-54-3726

Received: 27 February 2019; Accepted: 2 April 2019; Published: 4 April 2019

Abstract: A growing number of cities in different world regions are forming transnational networks
in order to mitigate and adapt to climate change. In this study, we are interested in the nexus between
climate change and urban water management. How do transnational city networks for climate
action perceive urban water management? What kind of activities do they adopt for improving
urban water management? How effective are these in practice? This study maps 17 transnational
city networks that primarily work on climate governance, assesses whether they formally embrace
urban water management as a field of activity, and analyzes the extent to which they influence
local climate action regarding water-related issues. Our descriptive analysis reveals that the great
majority of transnational city networks has embraced goals related to urban water management,
mostly framed from the perspective of adaptation to climate change. However, our in-depth analysis
of two frontrunner cities in Germany shows that membership in ICLEI (Local Governments for
Sustainability) has only limited influence on the initiation and implementation of water-related
policy measures.

Keywords: city networks; climate change; ICLEI; Sustainable Development Goals (SDGs); urban
water management

1. Introduction

Climate change represents one of the fundamental global challenges of modern society and
requires swift and coordinated action [1]. The Paris Agreement adopted in 2015, which builds on the
United Nations Framework Convention on Climate Change (UNFCCC), represents the most recent
commitment of all nations to undertake ambitious efforts to combat climate change and to adapt to its
effects. Another feature of the Paris Agreement is its recognition that climate protection requires not
only state actors (most importantly national governments) but also subnational and non-state actors to
take action, which corresponds to the analytical concept of polycentrism [2–4]. Polycentrism perceives
governance processes to involve multiple governing authorities at different scales, which are mostly or
completely independent from each other [5–8]. By acting simultaneously at different levels, global
challenges such as climate change can be addressed both more effectively and efficiently [7].

The growing body of research on polycentric climate governance ascribes cities and transnational
city networks an important role in climate governance [9,10]; however, this does not mean that
international and national policy-making bodies can be regarded as superfluous or unimportant [11].
On the one hand, cities are the main sources of greenhouse gas emissions since local policymakers
decide on industry-related questions as well as energy, housing, infrastructure, land use, and traffic
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policy [8]. On the other hand, cities are also affected considerably by climate change and must spend
vast amounts on implementing the necessary adaptation and/or prevention measures [12]. The policy
competences of cities also put them in a position, whereby they can engage in policy experiments and
design climate policy inventions [13–17], which are likely to produce even better policy outcomes if
they are coordinated with the national governments [18].

One set of challenges related to climate change is urban water management, which concerns
providing water security as well as mitigating flood risk and damage. Water insecurity and urban
floods are two of the most pressing water-related challenges presented by climate change [19].
The exceptionally hot and dry summer of 2018 has shown policymakers across northern and central
Europe how vulnerable they are to water insecurity. For example, the water levels of the Rhine River
in Germany were alarmingly low for around six months, which forced freight vessels to sail only
partly loaded, and consequently increased the cost of delivering critical commodities such as mineral
oil [20]. In response to the unusual weather conditions, many German local authorities restricted or
even banned the withdrawal of surface water for irrigation and other purposes.

In this study, we examine the nexus between climate change and urban water management,
which is also acknowledged by the Sustainable Development Goals (SDGs) adopted in 2015 [21]. More
precisely, we are interested in how transnational city networks for climate action perceive urban water
management, what kind of activities they adopt for improving urban water management, and how
effective these are in practice. These three questions underlie this study. The latter of these three is
particularly relevant as earlier studies (mostly focusing on cities in developing countries) have noted
the difficulties of assessing the true impact of city networks on the initiation and implementation of
climate-related policies, as well as the various local obstacles that have hindered positive outcomes of
networking approaches [22,23]. We will assess this aspect for two frontrunner cities on climate action
in Germany as a representative case of a developed country. For answering the first two questions,
we rely on a content analysis of official documents published by the city networks. Turning to the third
question, we provide two in-depth studies that complement the first analysis by revealing insights
that could not be yielded from the descriptive content analysis.

Our analyses provide four intriguing insights. First, transnational city networks on climate action
are indeed committed to goals related to urban water management. Second, measures related to
urban water management are mostly framed from the perspective of adapting to climate change–a
finding that concurs with the literature (see, e.g., [24]). Third, transnational city networks do not
only make mere reference to urban water management but also commit themselves to specific targets.
Fourth, we can show that participation in a network is not the primary motivation for adopting and
implementing water-related policy measures.

While we believe this study provides some important preliminary and indicative insights, we are
aware that it suffers from a number of limitations, of which four appear particularly pertinent. First,
the number of networks scrutinized in this study is small and the analysis would have benefitted from
increasing the sample size. Second, because of the small number of cases, we had to limit our analysis
to very basic techniques for presenting and exploring the data. We invite scholars to build on our
study in future research and to advance our knowledge by rectifying these flaws. Third, we could
not offer a detailed analysis of policy integration, but we examined which city networks recognize
water management as an area of climate action. We consider the mentioning of water management
a necessary condition for determining whether climate policy and water policy are integrated. Yet,
strictly speaking, we did not provide insights into how policy integration is achieved.

Fourth, our initial descriptive analysis relies exclusively on a multitude of materials that were
published by the city networks themselves, and the information provided therein was not always
satisfactory, which is also reflected in the empirical basis of this present analysis. The websites of the
city networks often do not contain detailed information on how they function, how they are funded,
and what their governance mechanisms are. The difficulties in obtaining this information make it
difficult to provide a scientifically sound assessment of the roles of city networks for governing the
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challenges of urban water management and climate change in a comparative fashion. Of course, good
examples of disclosing organizational information also exist. On average, however, the information
provided is superficial.

The remainder of this study unfolds as follows: first, we base this research in the context of the
literature on policy integration. Second, we offer some theoretical considerations before moving on
to the section on our materials and methods. We then turn to the presentation and discussion of our
findings, which we summarize before coming to our conclusions.

2. Aligning Climate Action with Urban Water Management

We have learned from numerous studies that solving policy problems requires the integration
of policies originating from different sectors [25], which is also recognized by the SDGs [21].
The literature on the nexus approach, for example, elaborates on this need to coordinate or integrate
policies from different sectors, mostly concentrating on the energy–water nexus (e.g., [26]) or on the
water–energy–food nexus (e.g., [27–29]).

A useful way of thinking about integration, especially in the context of the SDGs, was put
forward by Nilsson and Persson [30], who differentiated between harmonization and coordination.
Of these two, harmonization is the more demanding concept as it concerns bringing different
policy objectives onto equal terms across sectoral policies. Coordination is the weaker form and
is about “avoiding contradictory sectoral policies or mitigating adverse spill-over effects from sectoral
policies” [30] (p. 37). Concentrating on the SDGs as well, Nilsson et al. [31] argued that the interactions
between the different sectoral goals can be both negative and positive. Negative interactions refer to
trade-offs between sectoral goals that require a different policy approach than positive interactions
between individual SDGs, which produce co-benefits. While both Nilsson and Persson [30] and
Nilsson et al. [31] concentrated on the SDGs, their overall judgment holds true for the feasibility of
policy integration in general: in some instances, integration is easy to achieve since sectoral goals
align naturally with each other; whereas, in other instances, it would be more challenging to attain
integration. The nexus between water management and climate change in the urban context is one
that is comparatively easier to address than other constellations [32] since many facets of water
management are related to climate governance.

So far, the extensive literature on policy integration has consistently shown that policy integration
tends to fall short, especially in terms of delivering the intended policy outcomes (e.g., [33,34]).
The potential role of transnational city networks as facilitators of policy integration has not been a
focus of the literature. Therefore, this study presents one of the first attempts to combine the study
of policy integration with the study of transnational city networks. In doing so, it concentrates on
the joint realization of water management with climate action in the urban context. Since some
of the water-related issues are directly linked with climate change, whereas others are less so,
the climate–water nexus provides an interesting source of variation for this analysis.

3. Theoretical Considerations

In this section, we outline our theoretical considerations for explaining under which conditions
transnational city networks on climate governance embrace organizational goals related to urban
water management. It should be noted that our analytical interest in transnational city networks is
more specific than that of other studies in the pertinent body of literature (e.g., [35])

There is good reason to expect city governments to be more willing than central governments
to engage in policy integration if the policy targets concern water and climate goals. For one, cities
are affected by climate change and are also the setting in which climate-relevant activities take place
(e.g., [8]). As both the source and potential victim of climate change, the incentive is strong for cities to
become active in climate change. Cities can become active by themselves as well as form networks
able to lobby policymakers at the national and international levels, for example, by participating at the
annual Conference of the Parties (COP) of the UNFCCC [8] (p. 81).
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Why would transnational city networks commit themselves to integrating climate and water
management concerns? Before turning to this question, we first need to clarify how this study conceives
policy integration. We do not examine whether transnational city networks commit themselves to
policy integration as defined above (i.e., in the sense of coordination or harmonization). Instead,
we develop a simpler understanding of policy integration and analyze whether city networks recognize
the need for action in multiple sectors, which we consider a necessary condition for policy integration.
Therefore, we examine whether transnational city networks on climate action mention urban water
management as a field of activity. In doing so, we concentrate on three dimensions:

• First, whether transnational city networks mention urban water management as one of their
organizational goals;

• Second, the framing of urban water management as an activity related to climate change
mitigation, adaptation, or both;

• Third, the number and type of specific fields of activity related to urban water management.

The first dimension refers to the literature on the role of cities in climate governance [8,12–17,36].
The dual role of cities as the actors both causing and being affected by climate change puts them
in a position, whereby they will push for designing and implementing effective means of dealing
with climate change when they are participating in transnational networks. From this perspective,
it is reasonable to expect that transnational city networks will support measures that adopt a holistic
understanding of the causes and consequences of climate change and therefore commit themselves
to policies that cut across policy domains. For networks that focus on climate change in all its facets,
this expectation is even more plausible as climate change policies span numerous policy domains
and include urban water management as well. Therefore, we expect that transnational city networks
committed to mitigating and/or adapting to climate change are likely to embrace measures related to
urban water management as a rational decision for lowering the anticipated or actual costs that incur
from climate change (Expectation 1).

Considering the differences in climate change mitigation and adaptation policies, it is reasonable
to expect that the latter will dominate the way in which measures related to urban water management
are framed. Adaptation policies consist of concrete measures to inhibit the adverse effects of climate
change [37], for which cities tend to have the necessary formal competences. In this context, Massey
and Huitema [38] (p. 347), for example, showed that local governments in England have become
increasingly aware of the need for committing to adaptation. Of course, cities are also effective
in mitigating climate change, but, given their (limited) resources as well as their knowledge and
experience with planning, we expect that transnational city networks are more likely to frame measures
related to urban water management from the perspective of adaptation (Expectation 2).

Lastly, we expect that if transnational city networks commit themselves to urban water
management, they are likely to support actions in multiple fields rather than in only one [26,32],
since climate change has several implications for the management of water resources (Expectation 3).

4. Materials and Methods

In order to analyze the accuracy of our three expectations, first, we carried out a descriptive
analysis of the transnational city networks’ acknowledgment of urban water management.
The descriptive nature of the analysis resulted from a very small number of cases and the limited
availability of comparative data. More precisely, we analyzed 17 of 24 networks identified by Lee and
Jung, which defined transnational city networks for climate change as institution-led or decentralized
and multilateral platforms that enable cities and local entities to promote local climate action by
performing at least one of the following functions: information sharing, networking, research, target
setting, funding, lobbying, planning, and monitoring [17]. In doing so, we applied a broad definition
of transnational city networks. However, the analyzed networks varied to a considerable degree;
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some of the cases included members other than local authorities (e.g., the CDP included private sector
businesses; see, e.g., [39]).

As the focus of our analysis was on functions rather than the institutional designs of the networks,
the case selection put forward by [17] seemed justified for the sake of our argument. We limited
ourselves to those networks that demonstrated activity in 2018; this was determined by the presence or
absence of an up-to-date website (see Table 1). We consulted every resource accessible on the networks’
websites to derive information on their goals and activities. As Acuto and Rayner [40] showed, reports
were the most frequent outputs of transnational city networks and therefore provided a good—albeit
not ideal—empirical basis for this analysis. The material consulted was appropriate since our analytical
interest was in the official acknowledgment of goals related to urban water management. The diverse
set of documents included annual or periodical reports, project descriptions, online presentations
(prepared for conferences and workshops), statements, and press releases. We used graphs and tables
to illustrate the plausibility of our theoretical considerations as set out in the previous section.

Table 1. Transnational city networks included in the analysis.

City Networks

1. Asian Cities Climate Change Resilience
Network (ACCRN): 2328 individuals in Bangladesh,
India, Indonesia, Thailand, and Vietnam
2. C40 Cities: 94 cities in various countries in Africa,
Asia, Australia/Oceania, Europe, North America,
and South America
3. CDP (formerly: Carbon Disclosure Project):
more than 620 cities (and more than 7000 companies)
in various countries in Africa, Asia,
Australia/Oceania, Europe, North America,
and South America
4. Clean Air Asia: more than 1000 cities in Asia
5. Climate Alliance of European Cities with
Indigenous Peoples: 1739 cities in 26 countries
in Europe
6. Connecting Delta Cities: Eight cities in China,
Indonesia, Japan, The Netherlands, United Kingdom,
United States of America, and Vietnam
7. Covenant of Mayors: 7755 cities in 53 countries in
Europe and Asia
8. Energy Cities: More than 1000 cities and local
authorities in 30 countries in Europe and Asia
9. EUROCITIES Declaration on Climate Change:
More than 140 largest cities and more than 45 partner
cities in 39 countries in Europe and Asia

10. ICLEI—Local Governments for Sustainability:
More than 1500 cities in 124 countries in Africa, Asia,
Australia/Oceania, Europe, North America,
and South America
11. Renewable Energy and Energy Efficiency
Partnership (REEEP): 359 governments, international
and multilateral organizations, non-governmental
institutions, foundations and private sector actors in
various countries in Africa, Asia, Australia/Oceania,
Europe, North America, and South America
12. Sustainable Cities International: Projects in
cities in Bolivia, Canada, Cuba, Indonesia, Mexico,
Philippines, Senegal, South Africa, Sri Lanka,
Tanzania, and Thailand
13. The Climate Group: Projects in regions in
various countries in Africa, Asia, Australia/Oceania,
Europe, North America, and South America
14. The Climate Registry: 300 organizations in
Canada and the United States of America
15. United Cities and Local Governments (UCLG):
More than 240000 cities in 140 countries in Africa,
Asia, Australia/Oceania, Europe, North America,
and South America
16. The US Mayors Climate Protection Agreement:
1060 mayors in the United States of America
17. Western Climate Initiative: Various cities in
Québec and Nova Scotia (Canada), and the state of
California (United States of America)

Notes: Case selection based on [17] (pp. 102–103).

To systematize the materials collected, we concentrated on three aspects. To gain a basic
understanding of the networks’ general approaches, we first used the materials to determine whether
a given network indicated commitment to urban water management. To this end, we searched the
materials for specifications of the networks’ main objectives. We constructed a measurement that
assigned a value of 1 in either of the following cases: first, if a network stated that it had in place
one organizational goal related to water management; second, if it presented on its website concrete
projects related to urban water management. In all other cases, the variable was coded 0.

Second, we examined whether the networks’ objectives related to urban water management were
framed as measures to mitigate climate change, to adapt to it, or both. We differentiated between
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mitigation and adaptation activities for two reasons: first, this distinction was frequently made in the
literature on climate policy (e.g., [41]); second, it was instructive to see whether different perceptions
across the networks existed regarding these two approaches to climate action. In a nutshell, adaptation
covers all measures that are taken to reduce the negative consequences of climate change on the
environment, such as the hydration of drained areas (e.g., [37]). Mitigation, in contrast, means taking
steps against the causes of climate change and, therefore, attempting to inhibit further deterioration
(e.g., [42]). In the context of urban water management, mitigation policies can consist, for example,
of measures for increasing the efficiency of water use or energy generation from water resources.
For this purpose, we constructed a variable that assigned a value of 1 if the identified objectives or
projects on the networks’ homepages referred to adaptation strategies only. In cases where all the
projects and objectives could be subsumed under mitigation strategies exclusively, the variable was
coded 2, and when they referred to both adaptation and mitigation, the variable was coded 3.

In a third step, we employed an even more nuanced coding scheme and differentiated between
the five most important fields of activity in urban water management as indicated by the transnational
city networks. These included the following categories:

• Water supply and access to drinking water
• Water quality and hygiene
• Efficient water use
• Flood resilience
• Electricity generation from water

The coding categories generated inductively from the analysis of the materials provided by the
networks corresponded to categories identified in the relevant literature. For a network to be assigned
to any of these categories, we looked for an explicit acknowledgment or a pertinent project. We were
aware that the types of targets mentioned would vary according to the vulnerability of the cities that
participated in the respective network as well as the cities’ economic and organizational capacities.
A source of bias we were confident to be able to control was that the commitment to (different activity
fields of) water management resulted merely from local and/or temporary circumstances in the
member cities [43]. We examined the networks’ collective commitments only, which meant that
defining water management as an area of action was the outcome of a collective deliberation process,
and it was unlikely to be changed based on local or temporary conditions.

After assessing the aims of the city networks, as derived from the analyzed materials,
we complemented our descriptive analysis of 17 transnational city networks with two in-depth
studies on how effective these networking approaches were in reality. Therefore, we concentrated on
how ICLEI membership had helped launch and implement water-related adaptation measures in the
German cities of Hamburg and Heidelberg. We decided to focus on the effects of membership in ICLEI
since that network was committed to the comparatively broad incorporation of water management in
climate action (see Table 2). We concentrated on Germany as a developed state in order to afford a
hard test of the potential on-the-ground effects of membership in transnational city networks.

Since both cities were in Germany, they acted in the same political context. This helped us to rule
out contextual factors that may have affected the results to be obtained from the analysis. Although
both Heidelberg and Hamburg are situated in the same polity and are strongly committed to fighting
climate change, these cities differed in several significant ways, which made them insightful for a
comparative, in-depth analysis. While Hamburg is a city located in a coastal region, Heidelberg is
an inland city located along the Neckar River. Furthermore, Hamburg, unlike Heidelberg, is a port
city, which makes water management vital for the city’s economy and represents an important task
for the future. Hamburg also has a long history of storm surges and flooding along the Elbe River,
with one extreme example in 1962 still remembered today, whereas Heidelberg has been spared from
major flood catastrophes. Hamburg has a population of around 1.8 million and is more than 11-fold
the size of Heidelberg; the population size makes the preservation of water supply in times of drought
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an even more pressing issue. Lastly, Hamburg represents a state of its own and benefits from the
legal competence to adopt and implement policy measures, whereas Heidelberg is part of the state of
Baden-Württemberg and is constrained in policy-making by state rules.

Table 2. Fields of activity of the city networks.

Fields of activity Supply Quality Efficiency
Flood

Resilience
Electricity Number

Energy Cities - - - - - 0
The US Mayor Climate
Protection Agreement

- - X - - 1

The Climate Registry - - X - - 1
C40 Cities X - X - - 2
CDP - X X - - 2
Connecting Delta Cities X - - X - 2
Renewable Energy and
Energy Efficiency
Partnership

X - - - X 2

The Climate Group X - X - - 2
United Cities and Local
Governments

X - - X - 2

Asian Cities Climate
Change Resilience
Network

X X - X - 3

ICLEI-Local
Governments for
Sustainability

X - X X - 3

Sustainable Cities
International

X X X - - 3

Climate Alliance of
European Cities with
Indigenous Peoples

X X X X - 4

EUROCITIES
Declaration on Climate
Change

X X X X - 4

For the purpose of data generation, we conducted interviews with experts of both city
administrations, who either acted as intermediaries for the transnational networks or worked in the
planning department where the formulation of climate-related targets took place. The interview-based
approach provided us with interesting insights, which cannot be drawn from studying written
documents only.

5. Transnational City Networks’ Commitment to Water Management

We begin the presentation of our results by differentiating between transnational city networks
on climate action that acknowledged water management as one of their organizational goals and
those that abstained from doing so. Of the 17 networks analyzed, 14 mentioned water management,
which supported Expectation 1. The networks that did not mention urban water management as one of
their organizational goals were Clean Air Asia, the Covenant of Mayors for Climate and Energy, and the
Western Climate Initiative. In the case of Clean Air Asia, the lack of recognition was unsurprising given
the regional network’s narrow focus on improving air quality. The same held true for the Western
Climate Initiative, a network comprised of representatives from the Canadian provinces of Québec and
Nova Scotia as well as the state of California, which provided administrative and technical services to
support the implementation of subnational greenhouse gas emission trading programs. The Covenant
of Mayors for Climate and Energy was founded in 2008 when the European Commission introduced
the Climate and Energy Package 2020 [44]. Membership is open to all local authorities in Europe and
Asia, which are democratically constituted. Considering that the participating entities were committed
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to adopting and implementing an integrated approach to climate change mitigation and adaptation,
it was surprising that water management did not constitute one of this network’s organizational goals.
We considered this a first important finding.

Turning to the second dimension of our descriptive analysis, Table 3 shows which networks
framed water management from the perspective of mitigation, adaptation, or both. Of the 14 networks
that mentioned water management as an organizational goal, eight networks framed it in the context
of adaptation to climate change, four as an issue related to mitigation, and two—C40 Cities and
The Climate Group—used both frames. Under the maxim of “Cities get the job done”, the C40
network promotes the crucial role of municipal climate action, and for this purpose it unites cities
from all around the globe, representing 25% of the global economy and more than 650 million people.
The relatively high capacity of the participating cities might be a driving force in the adoption of
broader climate change approaches and increased policy integration. The same goes for the cities,
which work under the guidance of The Climate Group.

Table 3. Assignment of city networks to different types of climate action.

Types of climate action Adaptation Mitigation Both

Asian Cities Climate Change Resilience Network
Climate Alliance of European Cities with Indigenous Peoples
Connecting Delta Cities
Energy Cities
EUROCITIES Declaration on Climate Change
ICLEI - Local Governments for Sustainability
Sustainable Cities International
United Cities and Local Governments
CDP
Renewable Energy and Energy Efficiency Partnership
The Climate Registry
The US Mayor Climate Protection Agreement
C40 Cities
The Climate Group

Notes: Illustration is based on original data from the networks’ websites and our own coding.

When inspecting Table 3, we can see that the majority of transnational city networks framed the
embracement of water management from the perspective of adaptation to climate change, as postulated
by Expectation 2.

Table 2 presents the five main fields of activity related to urban water management. The greatest
number of networks adopted goals related to water supply and access, which was plausible given
the importance of this issue for adapting to climate change. The second greatest number of
networks mentioned the efficient use of water, followed by measures to protect cities against flooding.
Less attention was paid to issues related to water quality and the generation of electricity from
water resources.

The fields of activity of the individual networks varied as shown in Table 2, which also
revealed that one network—Energy Cities—did not mention any specific fields related to urban
water management. On the one hand, it was surprising that Energy Cities did not mention water
management since the network demonstrated a great level of commitment to climate action in the
past and is consisted of many high-capacity cities, which are mostly based in Europe. On the other
hand, the main focus of Energy Cities was to mitigate climate change by realizing the energy transition
at the local level. From that perspective, it was plausible that this network was committed to water
management as an adaptation strategy, but without specifying fields of action. After all, water
management is not closely related to energy transition.

Two networks were active in one field, but most addressed two fields. While this empirical
pattern supported Expectation 3, we would have expected more networks to flag three or more fields
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of activity. EUROCITIES and Climate Alliance of European Cities with Indigenous Peoples were the
two networks that showed the broadest range of fields of activity. The EUROCITIES Declaration on
Climate Change was one of several joint letters of intent agreed on by the members of the EUROCITIES
network. After being founded in 1986 by six ambitious European cities, it has now grown to include
the mayors of more than 140 local entities. In addition to the network’s general climate action approach,
EUROCITIES had (jointly with ICLEI) been selected by the EU Commission for assuming co-leadership
in the development of the Urban Water Agenda 2030. This process gave birth to the Porto Declaration
on the Urban Water Agenda 2030, which addresses a wide variety of challenges, such as water scarcity,
the combatting of water pollution, and flood resilience. In contrast to EUROCITIES, the Climate
Alliance of European Cities follows a slightly different path by not only setting targets that concern
the climate performance at home but also abroad. In addition to limiting their own carbon emissions,
the European members agreed to abstain from the use of tropical timber in order to preserve the
rainforests and to support the indigenous communities living inside them.

6. Effects of ICLEI (Local Governments for Sustainability) Membership on Water Management

What are the effects of membership in city networks on the initiation and implementation of
water-related adaptation measures? To address this question, we examined the local policies adopted
by Hamburg and Heidelberg. In addition to adaptation, both cities were strongly committed to
climate change mitigation, with Hamburg aiming at a long-term reduction of carbon emissions by
80% and Heidelberg by 95% [45,46]. Of the different networks in which these two cities were active,
we focused on the effects of their membership in ICLEI—a network that was particularly committed to
water-related policy goals in climate actions (more generally on ICLEI, see [47]).

6.1. Case Study 1: Hamburg

Coastal flood protection, a measure made necessary by the accelerated rising of sea levels, is a
central challenge Hamburg faces in the context of climate change [45]. Since the city’s economy
relies heavily on direct and indirect port-related activities (of which the production value was as high
as 7.6 billion EUR in 2010 [48] (p. 26)), improving resilience against storm surges is a top priority.
A comprehensive resilience strategy also includes the protection of inland areas from floods. The city
has already experienced severe floods. In the future, climate change is likely to bring heavy rainfalls,
which are expected to increase the risk of floods. Yet the competent authorities do not only concentrate
on the potential damages caused by large amounts of water but also prepare for more intense and
more frequent drought periods. Consequently, another key policy goal concerns the securing of
water supply.

As a response to these threats, the Senate of Hamburg adopted the Hamburg Climate Plan in
2015, which contains the long-term vision for both adaptation and mitigation to be reached by 2050
with interim milestones set for 2020 and 2030. The Hamburg Climate Plan replaced the Climate Action
Master Plan and the Adaptation to Climate Change Action Plan, which had been in place since 2013.
Central mitigation targets of the plan include the 80% reduction of carbon emissions by 2050 as well
as making the city administration carbon-neutral by 2030 through increasing energy efficiency and
reducing energy consumption. Water-related adaptation strategies are comprised of:

• the strengthening of public flood protection measures
• designating building plots in light of flood risks
• improved risk communication
• rainwater retention, and
• improved drainage.

Furthermore, the adaptation strategy relies on a climate impact monitoring scheme,
whose indicators measure changes in the city’s climate resilience over time. The so-called IMPACT
indicators capture, among other variables, the run-off characteristics of the Elbe River and its tidal
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range at a checkpoint in the borough of Hamburg-St. Pauli [49] as well as data on the frequency
and intensity of storm surges [50]. The funding of the climate impact monitoring was increased
immediately following the adoption of the Climate Plan, totaling 320,000 EUR in 2016. The mean
financial expenditure was only as high as ca. 67,000 EUR per annum between 2013 and 2015 [45].

The impact of ICLEI membership becomes manifest in the CLEVER Cities project, which is
currently being implemented in the borough of Hamburg-Harburg and is funded by Horizon 2020,
an initiative of the European Union which aims to make nearly € 80 billion available for research and
innovation projects between 2014 and 2020 [51]. Alongside Hamburg, the project is being implemented
in several ICLEI member cities, such as London and Milan, to pursue the goal of urban regeneration
with nature-based solutions, that is, implementing measures inspired by processes that can be found in
natural ecosystems [52]. Among others, the activity in Hamburg-Harburg focuses on the management
of rainwater, which shall be utilized in irrigation systems for planting areas, thereby increasing the
efficiency of rainwater re-use.

According to one interviewee from the Coordination Centre for Climate Issues of the City of
Hamburg, however, the actual impact of membership with ICLEI in particular and city networks in
general on policy initiation and implementation is rather limited. The main reason for this is that the city
administration is already active in climate action; another is that climate action has become a necessity,
given the city’s vulnerability to climate change. The main impact of ICLEI membership concerns
networking events as their ideas are exchanged and discussed among network partners, including
the implementation of specific collaborative projects such as CLEVER Cities. ICLEI membership
does not bring new policies to the political agenda, and the formulation of policy targets is also not
affected directly. The city network does not demand specific policy action and, therefore, competent
authorities in the city are swifter in realizing the need for action and designing corresponding policies
and measures. Yet, exchange with other cities within the ICLEI context is helpful for validating the
measures and objectives adopted by local authorities. Thus, a central input provided by ICLEI is its
effectiveness in expanding the capacity for learning from others and for optimizing the policies and
measures that are in place in the individual cities.

The network’s impact on the actual advances towards becoming a climate-resilient city is even
more limited. Network-driven projects like CLEVER Cities are helpful for the implementation of the
city’s adaptation targets, but participation in such collaborative projects is often not feasible due to a
lack of organizational capacity as well as the limited number of funding opportunities. The overall
number of realized projects, thus, remains relatively low.

Nevertheless, the membership in city networks does help foster Hamburg’s image as a frontrunner
and reliable partner in transnational climate action. According to our interviewee, this offers a strategic
advantage. In the interviewee’s opinion, having a strong reputation as a frontrunner in climate
governance provides a wide range of indirect benefits. Most notably, it reduces the costs of getting
in touch with other relevant actors, such as other cities, private businesses, or academic institutions.
This became remarkably apparent when Energy Cities, a network in which Hamburg has never been
a member, reached out to our interviewee’s authority and requested an opportunity to benefit from
Hamburg’s experience with specific policies.

6.2. Case Study 2: Heidelberg

The Office of Environmental Protection, Trade Supervision and Energy of the City of Heidelberg
explained that its main water-related adaptation challenge is the protection against floods caused
by heavy precipitation. The city expects such events to occur more frequently in the future due to
rising temperatures. In May 2016, this threat became apparent when the Neckar River was flooded
after approximately 90 liters of rain per square meter hit the city area within just a couple of hours,
causing approximately 1 million EUR worth of damage to property [53]. This event helped the
authorities realize that the need for appropriate management approaches was urgent, which resulted
in action being taken by the city government and administration. As a direct consequence, the city
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council of Heidelberg adopted a resolution that initiated an encompassing heavy rain management
analysis. The resulting technical report contained risk maps for different flood scenarios and identified
vulnerable areas, which are given priority in management efforts. To prepare for the management of
heavy rain incidents, regular workshops are held for responsible agencies, such as the fire departments
and the Office for Landscape and Forestry. The involvement of different agencies also sought to develop
an integrated management approach. At the time of writing, the city authorities were in the process of
developing a risk communication concept. Despite the city’s own initiatives and efforts, the specific
design of the risk management is shaped by the provisions of the state of Baden-Württemberg and
is dependent upon eligible funding. Compared to the influence of the state level, the impact of city
networks is limited.

The city’s membership in ICLEI has inspired activities related to water management. ICLEI has
made an impact by facilitating occasional contact between the network and city administration to
discuss Heidelberg’s participation in specific projects. In late 2018, Heidelberg was asked to join the
Climate Resilient Cities and Infrastructures (RESIN) initiative funded by Horizon 2020. One of the
components of RESIN was to connect cities and the Fraunhofer Institute for Intelligent Analysis and
Information Systems. Its aim was to carry out vulnerability assessments of water-related climate
issues according to a novel methodology and to share knowledge on adaptation strategies. Apart
from city governments, the RESIN partners are comprised of private sector businesses and several
academic institutions. The role of ICLEI was to identify cities that were still in the early stages of water
management preparation and to induce them to participate in RESIN. Heidelberg’s participation in
the project was finally called off because of the city’s high level of existing preparations, which had
been established after the city council’s resolution. Therefore, Heidelberg no longer corresponded
to the category of cities ‘still in [the] early stages’ of implementing resilience measures and so did
not qualify for project participation. Besides, according to our interviewee, Heidelberg did not want
to ‘over-academize’ its adaptation strategies, for this could have impeded the broader participation
of the general public. The exchange of ideas and communication among the network partners was
appreciated nonetheless and provided valuable indirect benefits to the city of Heidelberg. As in the case
of Hamburg, these indirect benefits are, above all, rooted in the validation of the city’s climate-related
objectives through communication with other network members, as well as in the establishing of its
reputation as a forerunner in adaptation and mitigation—a status which makes it easier for the city to
find partners in climate governance.

Overall, the direct impact of ICLEI membership can be considered limited: it neither contributed
new themes to the political agenda nor shaped adaptation strategies at the local level. Similar to
Hamburg, Heidelberg by itself is already active in mitigating and adapting to climate change.

6.3. Summary

Despite the differences between Hamburg and Heidelberg, the two case studies revealed that the
impact of city networks in general and ICLEI in particular was limited, at least in terms of initiating
new policies and policy implementation. The city governments and agencies are the ones who identify
water-related issues and place them on the political agenda. They are also the ones who design and
implement the corresponding measures. In this context, ICLEI matters for validating the approaches
selected and exploring possibilities for collaborative implementation projects. From that perspective,
ICLEI offers the benefit of exchanging knowledge and expertise as well as increasing the reputation of
the participating cities.

ICLEI might exert a more direct impact on cities that are less active and possess lower financial
and/or organizational capacity. However, given our empirical focus on two cities that are both
committed to fighting climate change and which have the financial and organizational means for doing
so, we cannot make any strong claims. Therefore, we invite future research to concentrate on cities that
do not consider themselves frontrunners and that are limited in their capacities.
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7. Discussion of the Findings

In Section 3, we formulated a number of expectations, which we can now revisit in light of the
findings presented in the previous sections. Our first expectation postulated that transnational city
networks on climate action regard urban water management as one component of their organizational
goals. Considering that only three networks did not mention urban water management, we interpreted
our findings as indicative support of this expectation. In our second expectation, we postulated
that transnational city networks framed water management from the perspective of adaptation.
Our findings were certainly in line with our initial reasoning, as a clear imbalance in favor of adaptation
efforts was identified. Even though other studies found that the distinction between these two frames
was becoming increasingly elusive (e.g., [41]), the specific knowledge and capabilities developed in
local communities indeed seemed to favor the adoption of adaptation strategies in polycentric systems,
as forecasted by the literature on adaptive (co-)management [54]. The third expectation postulated that
transnational city networks supported actions in multiple fields rather than in only one. As put forth
by this expectation, we were able to show that the majority of networks was active in two or more
fields related to urban water management, which we found plausible since water problems related to
climate change were unlikely to be limited to one aspect only (e.g., [55]).

What conclusions can we draw from this analysis with regard to the potential of transnational city
networks to promote policy integration? As explained previously, we did not analyze the willingness
of transnational city networks to engage in the integration of policies that originated from different
sectors in the sense of coordination or harmonization (see [30]). Rather, we examined the recognition
of the urban water sector in the networks’ approaches to climate action, which is a first indication
of the willingness to promote policy integration, though it requires a more refined analysis. At any
rate, with the exception of three networks, there seems to exist a common understanding that climate
governance requires multi-sectoral action—an observation that reveals the potential for attaining
policy integration. Of course, the formal commitment to multi-sectoral action and the actual behavior
of the network members are two different things and again need to be investigated in detail.

How effective are city networks in initiation and implementation of policies that align climate
action with water management? By analyzing two cities in Germany (Hamburg and Heidelberg) and
concentrating on one particular network (ICLEI), we could show that the city network concerned
was not decisive in putting new policies on the agenda or for the implementation of policies that
combined goals related to climate change with water management. However, this does not mean
that network membership does not have any effects. Indeed, the communication processes that
take place within such networks help to assess the design of the policies adopted. Further, network
membership facilitates the implementation of integrative policies through the possibility of forming
collaborative implementation regimes. In addition, membership in city networks increases the
profile and reputation of the cities and makes them more attractive for collaboration. All these
points can be conducive to developing strategies for better aligning climate governance with water
management. Of course, we expect the effects of membership in transnational city networks to vary
across developed and developing countries. We expect to encounter more impeding factors in the
latter than the former [22,23,27,29,56].

8. Conclusions

Many academic observers (e.g., [4]) argue that climate governance has moved from being
state-centric to a form labeled as polycentric [5–7]. In this study, we took polycentricism as a starting
point to argue that, with the growing relevance of such arrangements, we need to broaden our
analytical perspective on the actors that can help to promote policy integration. Among the set of ‘new’
transnational actors in climate governance, we decided to concentrate on transnational city networks
since they provide particularly instructive insights regarding the implementation of SDGs 6, 11 and 13,
which lie at the heart of this special issue. Our descriptive findings revealed that, in an increasingly
polycentric world, transnational city networks indeed have the potential to formally promote the
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integration of water management with climate change in the urban context. In practice, however,
we found the actual impacts of city networks on the climate agendas and progresses in water-related
adaptation to be rather limited, at least in cities and communities with high administrational capacity
and strong, long-standing commitments to climate change mitigation and adaptation. The main
impact of city networks is to provide a forum for validating and optimizing the design of policies and
measures and to exchange experiences regarding their implementation. Concerning the crucial role
of the validation of policy initiatives on the local level, it becomes apparent that transnational city
networks provide a form of “normative incentives” to the participating cities, which are not connected
with economic appeals (see, e.g., [57]). Investigating the constituents of these kinds of incentives and
their implications for policy success in participating cities could provide an interesting foundation for
further studies on polycentric governance.

It remains unclear whether the impact of such networks is greater on cities that are less equipped
with administrational capabilities. Our in-depth analysis only focused on two cities in Germany and,
therefore, only applies to countries with similar economic advancement. We invite further research
to focus more on cities in developing regions. It could prove fruitful to examine whether the lack of
administrational capacity is limited by hampered networking activities, or whether it is higher because
of lower levels of preparation in the field of water-related adaptation and its potential for improvement.
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