
water

Article

Management of Urban Waters with Nature-Based Solutions in
Circular Cities—Exemplified through Seven Urban
Circularity Challenges

Hasan Volkan Oral 1,* , Matej Radinja 2 , Anacleto Rizzo 3 , Katharina Kearney 4 ,
Theis Raaschou Andersen 5 , Pawel Krzeminski 6, Gianluigi Buttiglieri 7,8, Derya Ayral-Cinar 9,
Joaquim Comas 7,10 , Magdalena Gajewska 11, Marco Hartl 12 , David C. Finger 13,14 , Jan K. Kazak 15 ,
Harri Mattila 16 , Patrícia Vieira 17 , Patrizia Piro 18 , Stefania Anna Palermo 18 , Michele Turco 18 ,
Behrouz Pirouz 19 , Alexandros Stefanakis 20, Martin Regelsberger 21, Nadia Ursino 22

and Pedro N. Carvalho 23,24,*

����������
�������

Citation: Oral, H.V.; Radinja, M.;

Rizzo, A.; Kearney, K.; Andersen, T.R.;

Krzeminski, P.; Buttiglieri, G.;

Ayral-Cinar, D.; Comas, J.; Gajewska,

M.; et al. Management of Urban

Waters with Nature-Based Solutions

in Circular Cities—Exemplified

through Seven Urban Circularity

Challenges. Water 2021, 13, 3334.

https://doi.org/10.3390/w13233334

Academic Editor: Francesco De Paola

Received: 21 October 2021

Accepted: 20 November 2021

Published: 24 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Civil Engineering, Faculty of Engineering, İstanbul Aydın University, K. Cekmece,
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Abstract: Nature-Based Solutions (NBS) have been proven to effectively mitigate and solve resource
depletion and climate-related challenges in urban areas. The COST (Cooperation in Science and
Technology) Action CA17133 entitled “Implementing nature-based solutions (NBS) for building
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a resourceful circular city” has established seven urban circularity challenges (UCC) that can be
addressed effectively with NBS. This paper presents the outcomes of five elucidation workshops with
more than 20 European experts from different backgrounds. These international workshops were
used to examine the effectiveness of NBS to address UCC and foster NBS implementation towards
circular urban water management. A major outcome was the identification of the two most relevant
challenges for water resources in urban areas: ‘Restoring and maintaining the water cycle’ (UCC1)
and ‘Water and waste treatment, recovery, and reuse’ (UCC2). s Moreover, significant synergies with
‘Nutrient recovery and reuse’, ‘Material recovery and reuse’, ‘Food and biomass production’, ‘Energy
efficiency and recovery’, and ‘Building system recovery’ were identified. Additionally, the paper
presents real-life case studies to demonstrate how different NBS and supporting units can contribute
to the UCC. Finally, a case-based semi-quantitative assessment of the presented NBS was performed.
Most notably, this paper identifies the most typically employed NBS that enable processes for UCC1
and UCC2. While current consensus is well established by experts in individual NBS, we presently
highlight the potential to address UCC by combining different NBS and synergize enabling processes.
This study presents a new paradigm and aims to enhance awareness on the ability of NBS to solve
multiple urban circularity issues.

Keywords: blue-green infrastructure; climate change and mitigation; sustainable water management;
urban circularity challenges; water reuse

1. Introduction

Water is a natural and essential resource for human life [1]. Water consumption has
doubled in the last century as a result of global population increase, making water scarcity
one of the most pressing issues of the twenty-first century [2–4]. Rapid industrialisation and
economic growth [5], as well as the generation of substantial amounts of industrial effluents,
place a significant strain on limited water resources [6,7]. Climate change is expected to
have a significant impact on the water cycle [8,9], resulting in issues in cities such as
droughts, floods, water resource pollution, and heat waves [10,11]. Meanwhile, water
in urban ecosystems, including wastewater, drinking water, stormwater, groundwater,
surface waters, and a variety of urban ecosystems in which water plays a vital role, is
currently not treated in a cyclical manner. For example, the regeneration and reuse of
wastewater is now a priority only for nations with considerable hydric stress or water
shortages (e.g., China, Mexico, the United States, and Israel), yet this regeneration can
occur without extra water treatment in some instances [12].

According to the European Commission, more than 40,000 million m3 of wastewater
are treated in the EU every year, but only 964 million m3 of this is reused, revealing the
potential to increase the volume of reused water by a factor of 6. In the transition towards
Circular Economy (CE), wastewater management and sanitation are central to water
circularity and sustainability due to the integration of nutrients and materials recovery,
clean water production and energy production [13].

Circular wastewater management would integrate effluent reuse to close the loop
between water supply and sanitation. However, a circular water system cannot be limited
to merely connecting the outlet of present wastewater treatment plants to the inlet of water
supply systems, especially for cities where stormwater management, flood prevention,
climate mitigation or greening of the cities is a more pressing issue than water scarcity. It
demands a shift towards system thinking, as all urban water issues are intertwined and
cannot be sustainably solved by the traditional, siloed water management approaches [14].
The connections between processes can be diverse and the segregation of streams should
be optimised in a case-to-case assessment based on local conditions and needs. Ideally,
transport and contamination should be minimised, while energy-efficiency and recovery of
raw materials maximised [13]. Thus, concepts such as treated effluent reuse in irrigation of
commercial crops [15], local use of rainwater and greywater for toilet flushing, car-washing
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and garden irrigation [1,16] or separation of urine and faeces from greywater to maximise
nutrient recovery [13,16] are gradually coming to the forefront of the discussion for a
circular transition in the water sector. Cities all over the world must rethink and reinvent
themselves as water-smart cities, shifting from drained to sponge cities, using reclaimed
water and only draining surplus water as a last choice, while still generating chances
to green the city and improve liveability [10]. More and more cities thereby consider
nature-based solutions (NBS) an integral part of their water management plans. The
European Commission defines NBS as: “Solutions that are inspired and supported by nature,
which are cost-effective, simultaneously provide environmental, social and economic benefits and
help build resilience. Such solutions bring more, and more diverse, nature and natural features
and processes into cities, landscapes and seascapes, through locally adapted, resource-efficient and
systemic interventions”. NBS addresses societal challenges and enables resource recovery,
climate mitigation and adaptation challenges, human well-being, ecosystem restoration
and/or improved biodiversity status, within the urban ecosystems [17]. NBS can also
effectively mitigate the urban flooding caused by high rainfall events [18,19].

The European COST (Cooperation in Science and Technology) Action (CA) 17133 is
“implementing nature-based solutions for creating a resourceful circular city” [20]. It emerged as a
bottom-up initiative to study and research NBS and their circularity. The main purpose was
to test the hypothesis “A circular flow system that implements NBS to manage urban biosphere
nutrients and resources, will lead to a resilient, sustainable and healthy urban environment”.
The CA17133 is structured in five working groups and one has been dedicated to NBS
and sustainable urban water utilisation (working group 2), which carried out the work
herein presented.

Within the CA17133 seven urban circularity challenges (UCC) were selected [20]:
(UCC1) Restoring and maintaining the water cycle; (UCC2) Water & wastewater treatment,
recovery and reuse; (UCC3) Nutrient recovery and reuse; (UCC4) Material recovery and
reuse; (UCC5) Food and biomass production; (UCC6) Energy efficiency and recovery; and
(UCC7) Building system recovery. These seven UCC provide a novel framework to discuss
and plan a transition to circular cities. From the perspective of the UCC, our working group
dedicated to urban water identified the following key research questions:

1. From an urban water management perspective, what are the main urban circularity
challenges?

2. What are (water) interconnections between the different UCC and how can these UCC
be addressed by NBS?

3. What can be learned from current NBS implementations?
4. How can NBS address or contribute to the UCC1 and UCC2?

Looking at what is currently available in the literature containing both NBS and water
management as keywords, only a few works directly address the topic. Nika et al. [1] re-
viewed assessment methodologies, tools and indicators with a focus on societal challenges.
Snep et al. [10] reviewed the different technological levels at which city trees and vegetated
rooftops have been implemented. Mousavi et al. [21] conducted a survey with Australian
water professionals focused on the definition of NBS. Ghafourian et al. [22] provided an
analysis of recent literature about the economic impact of linear to circular transition in
water systems. All contribute to the topic, but none reflect on any of the research questions
herein formulated.

Hence, through a series of nine workshops involving more than 25 experts from several
disciplines and 22 European countries, the working group aimed to make a significant
contribution to addressing (identified or selected) research questions. This paper presents
and discusses the major outcomes of the workshops aimed at fostering NBS implementation.
It includes a water-centric conceptualization of the seven UCC, validated with a case-based
assessment. Representative NBS units are detailed and discussed linking their functionality
with the corresponding challenges they address. The list provides a solid base for a
development of a novel case-based semi-quantitative assessment, which enables ranking
of all the NBS and supporting units, for both circularity challenge UCC1 and 2.
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2. Materials and Methods

The extensive methodology behind this paper, from UCC and NBS selection and
definition to NBS circularity characterisation, is fully described by Langergraber et al. [20].
The aim of the methodology is to categorize NBS based on circular economy principles,
which are: (1) regenerate natural capital, (2) keep resources in use, and (3) design out
waste externalities. The work (Figure 1) is based on a series of five elucidation work-
shops (adapted from IDEA protocol [23]) conducted between June and December 2020 to
(1) refine the list of NBS, according to their ability to fulfill circular economy principles,
(2) evaluate the NBS according to their ability to address the UCC; and (3) categorise them
based on evaluation [20].
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The work herein presented is a further expansion of these participative methods which
is summarized below.

First, a visual representation of the UCC interconnections was developed based on the
experiences of these experts researching and working in water-related fields (Section 3.1).
Next, examples (Section 3.2.1) were selected that demonstrate the aforesaid relation based
on the expertise and knowledge available in the workgroup (see Table A1). Selected
NBS were categorised (Section 3.2.2), by defining a semi-quantitative framework using a
three-level scoring system (Table 1). This assessment identifies the overall potential of the
NBS units to address or contribute to UCC1 (restoring and maintaining the water cycle)
and/or UCC2 (water and wastewater treatment, recovery and reuse). The framework for
this ranking was defined to determine the “UCC mark” and a “Total Circularity Score”
achieved by each NBS unit or supporting unit:

1. The “UCC mark” (ranging between 1 and 3) equals the highest mark awarded to the
NBS among one of the enabling processes within each UCC;

2. The enabling process “treatment” within UCC1 equals the highest mark awarded to
the NBS among one of the enabling treatment processes within UCC (excluding the
‘reuse of water’ enabling process);

3. The “Total Circularity Score” achieved by an NBS was calculated as the sum of all
awarded individual marks for both UCC1 and UCC2, but excluding the enabling
process “treatment” within UCC1, to avoid double-counting.

Table 1. Marking system used for the evaluation of NBS units and supporting units with respect to
UCC1 and 2.

Numerical Mark Mark Description

3 Addressing the circularity challenge

2 Contributing to the circularity challenge

1 Potential to contribute, depending on specific design

3. Results and Discussion
3.1. Urban Circularity Challenges

Langergraber et al. [20] have outlined a set of seven urban circularity challenges (UCC)
directly addressed through NBS implementation in cities. Each UCC is central to achieving
circularity, and should be viewed as interdependent objectives in a broader system context.
There is an abundant and constant interaction between resources, energy and the needs of
the urban population; shedding light on the dynamics at different scales is fundamental to
identifying the underlying causes of crises and appropriate points of intervention.

This section examines the interconnections between the UCC with a focus on water
systems. Out of the seven UCC, two central challenges relating directly to water in the
urban context are addressed in greater detail: (UCC1) restoring and maintaining the natural
water cycle, and (UCC2) water and waste treatment, recovery and reuse. Starting from
these two central challenges to urban water management, the interconnections with the
remaining challenges are analysed and outlined. This includes practical experiences in
linking various domains such as urban agriculture, energy production, infrastructure and
resource recovery.

3.1.1. Urban Circularity Challenges (UCC) with a Focus on Urban Water

Figure 2 shows the seven UCC identified as critical issues in achieving circularity in
cities, which can be addressed through various NBS. The diagram depicts the links between
the challenges, categorised as either directly or indirectly relating to the topic of water. Blue
arrows indicate a direct link to urban water, while grey arrows signify connections in a
broader context, such as contributions to climate change mitigation, reducing dependency
on natural resources, and/or the reduction of our reliance on fossil fuels. The gradient
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arrow (blue-grey) connects UCC1 to the outer circle, which stands for contributions to
climate regulation and possible mitigation effects in weather extremes, urban heat island
effect, air pollution and climate change. Bi-directional arrows indicate an exchange or a
flow path in both directions, while the simple one-directional arrows represent a one-way
path from one element (challenge) to another. There are likely to be bi-directional flows
between each of the system elements, but for the sake of simplicity, only the primary path
directions are depicted in this diagram.
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Some of the connections between the UCC are obvious and already common practice
such as rainwater harvesting for watering purposes and nutrient recovery from wastewater
to be used as fertiliser [24]. Other connections are less evident and not yet well established
such as recovering material from wastewater for use in construction [25,26].

3.1.2. Restoring and Maintaining the Water Cycle (UCC1)

Urban circularity challenge is related to the goal of restoring the natural water bal-
ance as far as possible. Built-up, urban environments are characterised by a drastically
altered water balance, compared to that of undeveloped, natural landscapes. Sealed-off
and hydraulically smooth surfaces combined with little to no vegetation result in higher
runoff volumes and peaks, along with significantly lower proportions of infiltration and
evaporation [27]. Climate change is expected to exacerbate this disturbed water balance.
NBS are ranked as interventions with high manageability and high impact in terms of
reducing flood risk in urban areas [11]. Measures to promote permeability are also included
in this category [28]. By implementing NBS throughout the city, it is possible to begin
re-establishing a more natural water balance, reducing runoff peaks and volumes and
promoting infiltration, retention and evapotranspiration [29]. Groundwater recharge is
an important factor in securing the drinking water supply of many cities [30]. Urban
greening interventions can contribute to groundwater recharge by facilitating infiltration
processes [31] and land restoration can increase the water holding capacity of natural land
upstream of urban areas [32]. Increased evapotranspiration and mitigation of the urban
heat island effect can be achieved by the planting of trees and other vegetation along
roadsides [33], in rain gardens [34], meadows [35,36], green roofs and green facades [37].
A majority of the studies have shown the beneficial effects of green roofs in delaying the
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peak flow rate and reducing the total runoff volume discharged into combined sewer
systems [38–40]. A wide array of NBS can contribute to restoring the natural water balance,
including various infiltration and retention options. For a more detailed list, the reader is
referred to Section 3.2.

3.1.3. Water and Waste Treatment, Recovery and Reuse (UCC2)

Urban circularity challenge 2 addresses the matter of recovering rainwater and reusing
wastewater to reduce the consumption of clean drinking water, while relieving urban
drainage infrastructure and treatment facilities and protecting downstream freshwater
from the pollutants contained in runoff water, blackwater and greywater.

NBS has changed the approach of dealing with urban water [41]. The concept of circu-
larity dictates focussing not only on waste valorisation (i.e., through treated wastewater
reuse), but also on the treatment process itself, by using eco-designs such as the various
NBS systems [29]. NBS as urban green infrastructure provides sustainable solutions to
the pressing issue of water management in urban and peri-urban areas. For example, the
rise of the constructed wetland technology shows that wastewater management is viewed
from a different angle; the goal is no longer one-dimensional (wastewater treatment), but
extends to the provision of multiple benefits such as ecosystem services, habitat creation
sites, urban wildlife refuges, recreation and landscaping [42,43].

Rainwater, in particular, is a valuable resource for local uses such as gardening,
washing cars and laundry. Rainwater harvesting can reduce reliance on groundwater
and other freshwater sources, for uses that do not demand the high-quality standards of
drinking water. Utilising local water resources can increase urban resilience in regards to
UCC1, complementing and relieving large-scale water supply systems that are susceptible
to failure. Intercepting and harvesting the water from precipitation before it forms runoff
in the urban catchment not only presents an additional, low-cost water source, but also
contributes to re-establishing the pre-development water cycle [44,45]. Dual-use rainwater
harvesting systems are in this context relevant for combining stormwater management and
additional water supply [45].

In the context of UCC2, the central idea is to adopt a ‘fit-for-purpose’ approach in water
use. Instead of treating all used water streams equally, conveying them in combined sewers
and putting undue pressure on the treatment facilities, a circular water system is conceived
to differentiate between varying sources and qualities of water. Recycling household
greywater for laundry and other washing purposes, along with rainwater harvesting, are
common examples of this approach. A significant barrier to operationalising this on a city-
wide scale is the requirement for adapted piping in buildings. Retrofitting large parts of
the existing infrastructure would be an expensive and logistically challenging undertaking,
although it can be considered a good opportunity for replacing ageing infrastructure for
implementing circular systems. Public perception in regards to domestic water reuse may
present a more significant barrier [46,47].

3.1.4. Nutrient Recovery and Reuse (UCC3)

Urban circularity challenge 3 addresses the need for nutrient recovery and reuse. In
the context of urban water, this relates specifically to the nutrients present in used water
streams, and the different systems for recovering these nutrients. Fertiliser production is a
prominent example of recovering nutrients from used water streams. This has the added
benefit of preventing eutrophication in downstream freshwaters [48].

Non-grid, small-grid and hybrid urban wastewater systems permit source separation
and optimisation of water management and use. Blackwater from toilets and greywater
from sinks, showers and washing machines can be collected separately for onsite treatment
or for non-potable water uses. Reuse options for greywater include toilet flushing, infiltra-
tion for aquifer recharge or irrigation. Sludge can be collected for centralised treatment.
Urine diverting dry toilets are another option for collecting urine for onsite treatment
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and conversion into fertilizer, for use in urban agriculture. Similarly, brown water and
greywater can be collected in a single stream for centralised treatment [49].

There is a strong link between UCC3 and the two central water challenges, UCC1 and 2.
The potential for reclaiming nitrogen and phosphorus from household wastewater through
a range of different processes, such as source separation or fertiliser production from
sewage sludge, is well established and should be further promoted [50].

3.1.5. Material Recovery and Reuse (UCC4)

Urban circularity challenge 4 concerns the materials pathways and the possibilities for
recovery and reuse within the urban environment. The main link identified with the central
water challenges is the connection from UCC 2 to 4. Wastewater has gained attention in
recent years, as a source not only of nutrients, but also raw material for various other
products.

Wastewater sludge and incineration ashes have been used successfully in the pro-
duction of construction material, consisting either in part or whole of recovered material.
Alayish and Çelik [51] report the use of dewatered sludge from a local water treatment
facility to produce a viable, artificial lightweight building aggregate. This recovered mate-
rial presents an alternative to conventional cement, and solves the issue of surplus sludge
disposal [51]. Bioplastics, paper and cellulose are other examples of products that can
be produced from used water sludge [52]. Protein recovery and feed production can be
achieved through gas-phase processing and metals can be recovered from sludge for reuse
in various industries. Moreover, raw materials for pharmaceutical and human health
products have also been recovered from dewatered sludge [50].

Although the technical possibilities are growing, there is still a lag in large-scale
implementation for various reasons, including technical immaturity and non-technical
bottlenecks. Resource recovery is often possible only on a small scale and quality control
can be difficult to implement. Consequently, there is no competitive advantage with many
recovered products compared against their conventionally produced counterparts [47].
Dimensions of scale, consumer acceptance and stringent quality requirements can further
inhibit the shift to material recovery from used water streams [50,52].

3.1.6. Food and Biomass Production (UCC5)

Urban circularity challenge 5 can be linked to urban water in two directions and with
both direct and indirect interdependencies. Water is an essential resource for growing
food, and the presence of plants in the urban environment, in turn, affects the local water
balance through evapotranspiration, infiltration and runoff mitigation. Localised food
production systems can profit from recovered water for irrigation purposes and utilise
fertiliser produced from used sewage sludge or household wastewater streams. Rainfed
farming, an alternative option for irrigating urban crops, is another point of connection
to UCC1, as disturbed precipitation patterns may cause difficulties in cases of drought
or extreme rain events, if the urban farming system relies on rainwater harvesting as
the primary source of water [53]. Restoring and maintaining the water cycle will have
favourable impacts on any aspect of food and biomass production, such as regular rainfall,
increased humidity, moderate temperature peaks and flood reduction.

Improved micro-climates and soil moisture content also play a role in regulating the
temperature within buildings (e.g., by green roofs or green walls) and in the environs, reduc-
ing the reliance on non-renewable energy sources for heating and cooling purposes [54,55],
thus linking food and biomass production in the urban environment to the outer circle in
Figure 2, through contributions to climate change mitigation and climate regulation.

3.1.7. Energy Efficiency and Recovery (UCC6)

Urban circularity challenge 6 has also been identified as having a strong two-way
link to urban water, both to UCC1 and UCC2. Often described as the water-energy nexus,
water and energy are interlinked in terms of resource use [56,57]. The water-energy
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nexus should be considered during the whole life cycle of resources and products. For
instance, water is required for energy production, while energy is essential for water
extraction, distribution, and treatment [58,59]. The residual heat in wastewater streams can
be harnessed to contribute to improved energy efficiency. Greywater can also be reused for
cooling purposes, reducing the need for fossil fuels used in conventional air conditioning
units. The methane generated in sludge treatment facilities from anaerobic digestion is
a valuable, closed-loop energy source that also contributes positively to the challenge of
energy efficiency and recovery [60–62]. The recovery of organic residual streams from
wastewaters can be a valuable resource for biogas production [48,63]. Anaerobic digestion
of residuals of wastewater can enhance the production of carbon neutral biogas, methanol
biodiesel or their bio-energies [64]. The production of bio-energies from organic residuals
in wastewater requires large water treatment infrastructure, and is thus suitable only for
larger urban areas.

Energy demand may be further reduced by implementing NBS for rainwater har-
vesting and management, for example, by using vertical green infrastructure and green
roofs. NBS can be applied to mitigate the issues related to climate change and ongoing
urbanisation in line with the water-energy nexus [57]. The implementation of NBS from
the category of urban greening (i.e., green roofs, green walls, parks, rain gardens etc.)
helps to mitigate the urban heat island effect [19]. It improves the thermal performance at
building scale, thereby reducing the need for conventional air conditioning, and provides
energy savings for the heating of buildings, both with the use of green walls [65] or green
roofs [66–68].

3.1.8. Building System Recovery (UCC7)

Urban circularity challenge 7 is related to urban water directly through UCC1, and
indirectly through climate and resilience improvements related to NBS implementations
from the urban water repository. Many of the NBS discussed in relation to urban water
are directly connected to buildings, such as green roofs, green facades, living walls, and in
some cases even building-integrated constructed wetlands. Further, conventional ways of
building have contributed largely to the altered flow regime of rivers and urban streams
and the disturbed water balance in urban catchments. The impervious paving alters runoff
formation and may lead to increased pollution in stormwater runoff [69]. In this way,
building systems are inextricably linked to the water cycle and urban water management
on a smaller scale.

According to the path dependence theory, decisions from our past pave the way for
future development [70,71]. When it comes to water in cities, the existing path has sup-
ported the development of linear systems over circular ones. Given the limited available
urban space, it is evident that any given NBS solution should be conceived, designed, con-
structed and operated such that its contributions towards overcoming the seven circularity
challenges are maximized. Consideration of the connections between these challenges and
the way they relate to each other will offer a clearer picture of how to exploit synergies for
a faster transition to circularity in cities.

3.1.9. Crucial Challenges for Water Management

NBS for water management are traditionally implemented to increase water availabil-
ity, improve water quality and mitigate water related risks [72]. Thus, UCC1 and UCC2
were identified as the central challenges in this context, and selected for a more in-depth
analysis. However, hydraulic risk mitigation and water quality maintenance do not always
adhere to circularity. Water management has a two-way influence on the economy and soci-
ety and may be a decisive factor for environmental sustainability, and consequent economic
development [73]. To facilitate future integration of NBS in circular urban schemes, there
is a need to understand the different NBS units in a multidisciplinary perspective. The
presently proposed integration of water into the different UCC (Section 3.1) and the identi-
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fication of key processes for water management (Section 3.2.2), are expected to facilitate
the transition towards circular urban schemes.

3.2. Achieving Circularity Challenges with NBS
3.2.1. Case-Based Assessment

In order to confirm the previous theoretical analysis, known examples of NBS in
cities were listed and analysed. This included validating the interconnection between
the key UCC1 and UCC2 for water management in circular cities, as well as with other
UCCs. Table A1 (see Appendix A) summarizes examples of the described NBS units.
The examples represent a wide range of applications, highlight the UCC addressed by
the NBS examples, and give information of the several additional benefits that can be
delivered by implementing a particular NBS. The listed real-life NBS confirm the validity
of the UCC-NBS framework proposed. They highlight the circularity of NBS regarding
the key water challenges (UCC1 and UCC2), and demonstrate potential synergies with
other UCCs already successfully addressed by NBS. Moreover, compiling these examples
has helped reveal current needs. Firstly, the need for a broader database in which the NBS
role in urban circularity is collected in a more structured way, including worldwide cases
with particular attention given to full-scale systems. The need for such an NBS dataset
is emerging and several datasets of NBS are being proposed, as recently reviewed [74]
or as represented by the recent SNAPP dataset [75]. Secondly, the collection of examples
should be accompanied, wherever possible, by quantification of their contribution to
addressing circularity challenges, and the corresponding enabling processes and, as a
result, should replace more and more simple qualitative evaluation. There is a need to
provide a systematic overview of the functionalities of NBS and supporting units, as
provided in this study, and to demonstrate the importance of their implementation. It is
also important to point out that NBS are often designed as a set of complementary and
connected units [76] and each NBS unit can be essential, in some cases even with only one
enabling process.

3.2.2. Enabling Processes

Individual NBS and supporting units usually contribute to at least one or several
urban circularity challenges (UCC). This is achieved by providing different physical, bio-
logical and chemical processes [77,78] or by enabling the reuse and recovery of water. The
processes that certain NBS provide or employ are inherently connected with their purpose
and contribution to achieving UCC. The most typical processes employed by NBS units for
restoring and maintaining the water cycle (UCC1) are presented and described in Table 2,
with examples of NBS units. Six enabling processes for UCC1 were selected: conveyance,
infiltration, detention, retention, evapotranspiration and treatment.

In terms of water treatment, water recovery, and water reuse (UCC2), the processes
most typically employed by NBS units are presented in Table 3: sedimentation, filtration,
uptake by plants, biodegradation, photo-degradation, sorption, other treatments and reuse
of water. Water treatment and water recovery are not represented as stand-alone enabling
processes, as they typically consist of a set of combined processes (e.g., treatment train).
Thus, all the enabling processes presented, except for the reuse of water, can be used
to achieve water treatment or recovery (e.g., sedimentation, filtration, etc.) by different
NBS units and supporting units. This way, they are also related to the enabling process
of water treatment presented in UCC1, where they can contribute to the restoration and
maintenance of the urban water cycle. On the other hand, reuse of water enables the
previously captured and/or treated water to be used again typically for irrigation purposes
(e.g., vertical green infrastructure & green roofs, greening interventions & green space) or
groundwater recharge (e.g., infiltration basin, infiltration trench).
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Table 2. Enabling processes for achieving UCC1: restoring and maintaining the water cycle.

Enabling Process Process Description * NBS Unit Example

Conveyance Transport of water. Filter strip, bioswale, dry swale

Infiltration Flow of water through the ground surface into soil
or a porous medium.

Infiltration trench, infiltration basin, vegetated
grid pavement

Detention
Temporary storage of precipitation which is en route

to, or in, the stream/channel system, during or
shortly after rainfall.

Intensive green roof, rainwater harvesting, (dry)
detention pond, floodplain

Retention Permanent storage of precipitation which is en route
to, or in, the stream/sewer system. (Wet) retention pond

Evapotranspiration Water transferred from the soil to the atmosphere by
evaporation and plant transpiration.

Bioretention cell (rain garden), urban forest, tree
pits, extensive green roof

Treatment
Changing harmful or undesirable physical and

chemical properties of water by removing harmful
and undesirable substances and living organisms.

Treatment wetland, waste stabilisation pond

* [77,78].

Table 3. Enabling processes for achieving UCC2: water—treatment, recovery, and reuse.

Enabling Process Process Description * NBS Unit Example

Sedimentation Process of settling and depositing suspended matter in
water by gravity. Infiltration basin, Waste stabilisation pond

Filtration Process of passing a liquid through a filtering medium
for the removal of suspended or colloidal matter. Filter strip, riparian buffer, treatment wetland

Uptake by plants Transfer of substances from the environment to plant
tissue/structure.

Bioretention cell (Rain garden),
phytoremediation

Biodegradation Biochemical transformation of substances using
microorganisms, mostly bacteria, to stable end products. Treatment wetland, waste stabilisation pond

Photo-degradation Process of degradation of substances exposed to
sunlight ultraviolet radiation. (Wet) Retention pond/Waste stabilisation pond

Sorption
Includes the processes of adsorption and absorption by
which some substances become attached to another (soil,

sludge or plants).
Intensive green roof, anaerobic treatment

Other treatments Phosphorus precipitation; ammonia stripping; chemical
disinfection; pyrolysis; advanced oxidation. Supportive units

Reuse of water To use water again especially in a different way or after
recovery/treatment. Productive garden, street trees

* [77,78].

3.2.3. Assessment of Total Circularity Scores

Based on the aforesaid processes (Tables 2 and 3) the 51 NBS and 10 supporting
units [20] were semi-quantitatively ranked (described in Section 2) based on the extent
to which they can contribute to address UCC1 and UCC2. The qualitative assessment of
NBS units provides a systematic overview of their functionalities and demonstrates the
importance of their implementation. For each NBS unit and enabling process, a mark value
of 3, 2 or 1 was assigned when the NBS unit addresses, contributes or could potentially
contribute, depending on the design, to the UCC1 and UCC2, respectively. To facilitate
the interpretation of these results a shorter list of 12 selected representative NBS covering
different sub-categories was formed (as can be seen in Table 4). The full dataset is included
as Table A2.
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Table 4. Case-based (Table A1) qualitative assessment of the 12 selected NBS units.

Sub-Category NBS Unit
Total

Circularity
Score 1,2

Urban Circularity Challenge

UCC1: Restoring and Maintaining the Water Cycle UCC2: Water—Treatment, Recovery, and Reuse

UCC1
Mark 3

Enabling Process
UCC2

Mark 3

Enabling Process

Conve-
yance Infiltration Detention Retention Evapotrans. Treatment Sedimentation Filtration Uptake by

Plants
Bio-

Degradation
Photo-

Degradation Sorption Reuse of
Water

Units for rainwater management

Infiltration trench 7 3 3 1 1 1 1 1 1

Bioretention cell
(Rain garden) 16 3 1 3 3 3 3 3 1 3 1 1

Dry swale 6 3 3 2 1 1 1

Riparian buffer 19 3 3 3 3 3 3 3 1 2 3 1

Vertical Green Infrastructure &
Green Roofs

Extensive green roof 6 3 1 3 1 1 1 1

Intensive green roof 15 3 3 3 2 2 1 2 2 2 2

Remediation, Treatment &
Recovery

Treatment wetland 21 3 3 2 3 3 3 2 3 2 3 1 2

Anaerobic treatment
(for nutrient, VFA &
methane recovery)

3 3 3 3 3

River Restoration
River restoration 24 3 3 3 3 3 2 2 2 2 2 2 2 2

Coastal erosion
control 2 2 2

Greening intervention + (Public)
Green Space Large urban park 14 3 3 3 3 1 3 1 1 3

NBS units for food & biomass
production Productive garden 12 3 3 2 3 1 3 1 3

For each NBS unit and enabling process, a mark of 3, 2 or 1 is assigned when the NBS unit, respectively, addresses, contributes or could potentially contribute, depending on the design, to the UCC1 and UCC2. 1

The total circularity score achieved by an NBS unit for both UCC1 and UCC2 is calculated as the sum of all awarded marks, excluding the enabling process “Treatment” within UCC1. 2 NBS units are classified
into 3 classes of contribution based on the total circularity score for UCC1 and UCC2: high >20, medium 20–10 , low <10 . 3 UCC1 or UCC2 mark indicates the maximum mark for one of the enabling
processes, that the particular unit was assigned.
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Based on this semi-quantitative analysis, the NBS units with the highest total circu-
larity score were river restoration, reconnection of oxbow lake and floodplain (restoration
units), treatment wetlands (remediation, treatment, and recovery unit) and riparian buffer
(rainwater management unit). Considering the total circularity score, 8% of the NBS units
were assigned a score higher than 20 (out of a maximum of 36), which can be considered as
highly contributing units, while 37% achieved a score between 10 and 20, regarded as units
with medium impact. Finally, among the 51 NBS units, 55% (28 units) achieved a score
lower than 10. Thus, if implemented as stand-alone units, they are anticipated to have a
limited contribution to UCC1 and UCC2. All the supporting units (a total of 10) used for
rainwater management, remediation, treatment, and recovery achieved a score lower than
10 and thus, have a low impact on UCC1 and UCC2 on a stand-alone basis.

Rainwater management units are ranked with low to medium impact. Among them,
the riparian buffer and the bioretention cell (or rain garden) are the most effective ones
to face the UCC1 and UCC2, whereas infiltration trench and dry swale are found to be
the least effective. The riparian buffer and the bioretention cell can better tackle restoring
and maintaining water cycle challenge UCC1 because the presence of vegetation enables
processes such as detention, evapotranspiration, and treatment. The riparian buffer, in
particular, can largely contribute to infiltration, conveyance and detention, and is the most
effective NBS unit to face UCC1. Evaluating the contribution of these four NBS units to
UCC2 we find that the main difference stems from the uptake by plants in the treatment
enabling processes. The riparian buffer and the bioretention cell are also able to address
UCC2, while the infiltration trench and the dry swale have only potential contribution to
UCC2.

Vertical green infrastructures and green roofs are determined as units with low to
medium impact on UCC1 and UCC2. Intensive green roofs are ranked as the highest, and
extensive green roofs as the lowest. Though both versions of green roofs address the UCC1
equally, the extensive green roof contribution to UCC2 is limited compared to intensive
green roofs. Intensive green roofs have higher detention and treatment due to a deeper soil
layer, greater variety of vegetation, and installation and maintenance operations such as
irrigation and fertilisation. Further, intensive green roofs enable treatment processes such
as filtration, microbiological treatment and uptake by plants and sorption. Finally, intensive
green roofs can be irrigated with treated water, thus contributing to water reuse [79]. Thus,
UCC2 is addressed better by intensive roofs. This example illustrates that the contributions
of certain NBS to the UCC 1 and 2 can largely differ, based on the NBS design.

Remediation, treatment, and recovery units have a wider range in terms of contri-
bution to UCC1 and UCC2 because high, medium, and low impact units coexist in this
group. Aerobic and anaerobic treatment units can provide only microbiological treatment
whereas treatment wetlands also enable processes such as sedimentation, filtration, uptake
by plants, sorption, and degradation by solar radiation [42]. Besides, treatment wetland
is the most effective treatment because it provides detention, retention and evapotranspi-
ration of water. Consequently, these units have noticeably different contributions to both
UCC1 and UCC2.

River restoration units are composed of high- and low-contributing units simultane-
ously. River restoration is found to be a highly contributing NBS unit with conveyance,
infiltration, detention, evapotranspiration and treatment functionalities, thus contribut-
ing largely to UCC1. Additionally, river restoration units can face UCC2 through all the
wastewater treatment enabling processes. However, coastal erosion control can provide
only conveyance. Therefore, its role as a single unit is only transporting water, and it needs
to be combined with other units to address UCC1. Moreover, they are not considered
relevant in terms of waste and water treatment, recovery and reuse.

Greening intervention units are ranked with medium impact whereas units for food
and biomass production are determined to have lower or medium impact. Large urban
parks as a greening intervention and productive garden as food and biomass production
units are mostly important for UCC1 through infiltration, detention and evapotranspi-
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ration. However, they are not the most effective in addressing UCC2 because they lack
water treatment capacity. Nevertheless, their potential should not be disregarded, due to
their function in enabling the reuse of the treated water. This calls for the relevance of
understanding which inputs and outputs are needed or can be used among the different
units.

Every process realised or facilitated by NBS which achieves UCC1 has the potential to
transform water into a reusable resource. Water conveyance achieves circularity when it
is redirected to gardens, cultivated areas, or the subsoil, where it is stored for future use
or recharges surface water bodies, preserving a minimum flow in the face of prolonged
drought, increasing the water storage capacity in urban soils and enhancing the respective
ecosystem service [80]. Similarly, infiltration increases the water stock in subsurface water
bodies. Detention, when paired with reuse, can be effective from a circular economy
perspective, and retention can achieve both the circularity goals of infiltration and deten-
tion systems. When evapotranspiration coincides with crop production or useful plant
growth, the water cycle becomes a circular economy tool. Water reuse is made possible
by using NBS treatment to achieve adequate water quality (UCC2). NBS which address
(waste)water treatment by sedimentation, filtration, microbiological treatment and degra-
dation of contaminants or water recovery, thus support addressing circularity. Moreover,
by reusing water to feed NBS, circularity is achieved by closing the loop and recovering
water and potentially nutrients cycling back to UCC1 and the preservation of the water
cycle. Apart from aspects relating to the hydrological cycle, water reuse and treatment, a
water-centered perspective of urban circularity must also consider the matters of nutrient
recovery, material recovery, food and biomass production, the water-energy nexus, and
examining the built-up environment.

The NBS discussed here are highly effective and promising systems to address the
UCC, but their contributions to circularity will rely heavily on the extent of their implemen-
tation, the consistency and appropriateness of their operation and maintenance schemes
and, perhaps most important, their acceptance and recognition by citizens and the society
at large. The proposed semi-quantitative categorisation of NBS units (Tables 4 and A2) is
intended as a tool to support this transition.

The quantification of other types of ecosystem services, especially those related to
biodiversity, and social and economic aspects, remains an open issue under research. For
example, the role of NBS in psychological health and the overall well-being has recently
been studied [81]. There is a distinct lack of examples in which ecosystem services or
co-benefits are quantified, while most of the time they are indicated qualitatively or, when
quantified, they are hardly comparable due to the use of several different evaluation frame-
works [82,83] and databases [84–86]. This could be related to the lack of standardization
in monitoring NBS performance and NBS benefits. However, this will hopefully improve
with the new handbook published by the European Commission [87], which provides
a comprehensive NBS impact assessment framework and a robust set of indicators and
methodologies to help decision makers and practitioners assess the impact of NBS [88].
Ecosystem service evaluation [89] and monetisation (e.g., [90]) can also play a relevant role.

Despite the recent advances in NBS concepts and deepening insights we now have on
the benefits of NBS for a circular economy, there is a gap between the implementation and
fundamental understanding of their role in a circular city. Only 70 out of the 167 nationally
determined contributions submitted under the Paris Agreement include NBS actions, the
majority of which are in low-income countries [91]. However, it should also be noted that
in more than 20 tropical countries, NBS implementation is relatively high, putting them
on track to achieving carbon neutrality before 2030 [15,69]. Thus, the potential of NBS to
provide multiple economic, environmental and social benefits is not yet fully utilised [92].

To overcome the different barriers identified in this study, we reiterate a series of re-
cently proposed actions [11,93]: (i) raise awareness on nature’s value, through collaboration
and experience exchange across different stakeholders, facilitated by governments, civil
society organisations, and the private sector; (ii) integrate NBS into climate adaptation
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plans and circular economy strategies; (iii) encourage investment in NBS, by developing
new funding streams and models that can support long-term investment, including private
sector actors, modifying governmental policies, subsidies, and public investments and
providing better incentives for private investors to finance NBS projects; and (iv) integrate
NBS in financial conditions, procurement, industry standards and other policies to link the
current challenges with the available solutions and expertise.

Circularity is a new way of planning water management by use of multiple and
interconnected solutions aimed at restoring or creating water, materials and energy cy-
cles [94–96]. In this respect, the present work provides a multidisciplinary overview of
different NBS and tries to raise the awareness of the potential of NBS to address multiple
urban circularity challenges.

4. Conclusions

This collaborative paper provides a water-centric perspective on how to address the
CA17133 seven urban circularity challenges (UCC), while bolstering resilience and enabling
circularity with NBS. The interconnections between the different UCC were discussed and
demonstrated with case studies selected based on the expertise and knowledge available
in the workgroup.

The multifunctionality of the 51 NBS and 10 supporting units have been assessed
and linked with the UCC and their interconnections. The potential applicability of NBS
units and supporting units to address the two water-centered UCCs, UCC1 and UCC2, was
assessed for the first time using a semi-quantitative methodology. Among the 61 units, the
NBS circularity scoring identified three highly contributing units and 20 medium contribut-
ing units towards addressing the UCC. The provided semi-quantitative categorisation can
be used as a tool to support wider implementation of the NBS to address UCC common for
many cities. The proposed circularity ratings, which identify critical processes for water
management, are anticipated to help in the adoption of NBS to achieve sustainable urban
water management.

In order to better confront the varied and complex difficulties presented by the UCCs,
the provided interdisciplinary, collaborative approach made use of participant knowledge,
experience, and expertise relating to water management and NBS. However, our analysis
reveals that the multifunctionality of NBS in a multidisciplinary perspective is not fully
understood. Current NBS knowledge has to be broadened beyond professionals to include
non-specialists and key stakeholders. By considering practical, real-world examples and
incorporating a diverse group of informants, comparable approaches involving non-experts
can be effective in preventing an unduly techno-centric and siloed vision of water man-
agement. Accordingly, we recommend to focus further research on the quantification of
ecosystem services (related to biodiversity, social and economic aspects), in order to bridge
the gap between the implementation and fundamental understanding of the role of NBS in
a circular city.
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Appendix A

Table A1. Case-studies, models, theories, and lab-scale of representative NBS units, exemplifying their contribution to the
urban water management and the circularity challenges (UCC).

NBS 1 Type Location
Urban

Circularity
Challenges 2

Other Contributions and
Ecosystem Services Ref.

Infiltration basin
(NBS_tu) Case-study Ljubljana (SI) UCC1

UCC2 [97]

Infiltration trench
(NBS_tu) Case-study Málaga (ES) UCC1

UCC2

Amenity
Biodiversity support

Construction community space
(Playscape)

Educational value

[98]

Filter drain
(NBS_tu) Case-study

Various
Austrian

cities (AT)

UCC1
UCC2

Improved microclimate
Taking pressure off water collection

and treatment systems
[99]

(Wet) Retention pond
(NBS_tu) Case-study Ljubljana (SI)

UCC1
UCC2
UCC6

Biodiversity support
Education
Recreation

[100]

(Dry) Retention pond
(NBS_tu) Case-study Carugo (IT) UCC1 Amenity

Biodiversity support [101]

Bioretention cell
Rain garden

(NBS_tu)

Case-study Sassuolo (IT) UCC1
UCC2

Amenity
Improved microclimate [101]

Case-study Turin (IT) UCC1
UCC2

Amenity
Education [102]

Bioswale
(NBS_tu) Case-study Gdynia (PL) UCC1

UCC2 Amenity [103]

Riparian buffer
(NBS_tu)

Case-study Scandolara
(IT)

UCC1
UCC2 Biodiversity support [104]

Case-study Mściwojów
(PL)

UCC1
UCC2
UCC7

Biodiversity support [105]

Extensive green roof
(NBS_tu) Case-study Rende (IT)

UCC1
UCC2
UCC6
UCC7

Amenity
Biodiversity support

Building thermal performances
Education

Improved microclimate

[40,106,107]
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Table A1. Cont.

NBS 1 Type Location
Urban

Circularity
Challenges 2

Other Contributions and
Ecosystem Services Ref.

Intensive green roof
(NBS_tu)

Case-study Treviso (IT)
UCC1
UCC2
UCC6

[79]

Case-study Wrocław (PL) UCC1
UCC2

Amenity
Education

Biodiversity support
[108]

Treatment wetland
(NBS_tu)

Case-study Gorla
Maggiore (IT)

UCC1
UCC2

Amenity
Recreation

Biodiversity support
[89,109,110]

Case-study Lesvos (GR)

UCC2
UCC3
UCC5
UCC6

Biodiversity support [24,95]

Case-study Mściwojów
(PL)

UCC1
UCC2
UCC3
UCC7

Biodiversity support [105]

Case-study tba

UCC2
UCC3
UCC5
UCC6

Being gender neutral
Biodiversity support

Improved microclimate
Reducing carbon footprint
Reducing noise pollution

Storing nutrients from urine in
plant biomass

Working off-the-grid and being
Water & energy autonomous

[111]

Case-study Lloret de Mar
(ES)

UCC1
UCC2
UCC3
UCC6

Amenity
Biodiversity support

Improved microclimate
Education

[94,112]

Case-study Nimr (OM)

UCC2
UCC3
UCC4
UCC5
UCC6

Biodiversity support
Carbon emissions mitigation

Improved microclimate
[96]

Case-study Mashhad (IR) UCC2
UCC4 Reducing carbon footprint [113]

Waste stabilization
pond

(NBS_tu)
Case-study

Vélez-
Málaga

(ES)

UCC2
UCC4 [114]

Composting
(NBS_i) Model Nimr (OM) UCC3

UCC4

Phytoremediation
(NBS_i)

Case-study Iwiny (PL) UCC2
UCC7 [115]

Model/theory EU UCC7 [116]

Model/theory EU UCC2 [117]

River restoration
(NBS_i)

Case-study Łódź (PL) UCC1
UCC2 Biodiversity support [118]

Model Alexandria
(EG) UCC2 Biodiversity support

Public health protection [119]
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Table A1. Cont.

NBS 1 Type Location
Urban

Circularity
Challenges 2

Other Contributions and
Ecosystem Services Ref.

Floodplain
(NBS_i) Case-study Poznań (PL) UCC1 Recreation

Thermal regulation [120]

Diverting and
deflecting elements

(NBS_i)
Case-study Jimera de

Líbar (ES) UCC1 [114]

Soil reinforcement to
improve root cohesion

and anchorage
(NBS_i)

Case-study Prov. Málaga
(ES) UCC1 [114]

Green corridors
(NBS_su) Case-study Nijas (ES) UCC1 [114]

Street trees
(NBS_su) Case-study Malaga (ES) UCC1 [114]

Pocket/garden park
(NBS_su) Case-study Wrocław (PL) UCC1 Biodiversity increase

Aesthetic [121]

Green transition zones
(NBS_su) Case-study prov. Málaga

(ES) UCC1 [114]

Rainwater Harvesting
(S_u)

Case-study Hedensted
(DK)

UCC1
UCC2
UCC6

Heat island reduction [24]

Case-study Rende (IT)
UCC1
UCC2
UCC4

[106]

Lab-scale Rende (IT)
UCC1
UCC2
UCC4

[122,123]

1 NBS units (NBS_u), which include NBS spatial units (NBS_su) and NBS technological units (NBS_tu); NBS interventions (NBS_i), which
include NBS soil and river interventions (NBS_is and NBSir); and Supporting Units (S_u); 2 Urban circularity challenges: UCC1, Restoring
and maintaining the water cycle; UCC2, Water & waste treatment, recovery and reuse; UCC3, Nutrient recovery and reuse; UCC4, Material
recovery and reuse; UCC5, Food and biomass production; UCC6, Energy efficiency and recovery; UCC7, Building system recovery.
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Table A2. Case -studies, models, theories, and lab-scale of representative NBS units (Table A1) and qualitative assessment of the NBS and supportive units *.

Sub-Category NBS Unit
Total

Circularity
Score 1,2

Urban Circularity Challenge

UCC1: Restoring, Maintaining the Water Cycle UCC2: Water—Treatment, Recovery, and Reuse
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R
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w
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Units for
rainwater

management

Infiltration basin 9 3 3 2 2 2 1 1 1 1

Infiltration trench 7 3 3 1 1 1 1 1 1

Filter strips 10 3 3 2 2 2 2 2 1

Filter drain 8 3 3 2 2 1 2 1 1

(Wet) Retention pond 13 3 1 3 3 2 2 2 1 1 2

(Dry) Detention pond 7 3 3 2 2 2 2

Bioretention cell (Rain garden) 16 3 1 3 3 3 3 3 1 3 1 1

Bioswale 14 3 3 2 3 3 3 1 1 3 1

Dry swale 6 3 3 2 1 1 1

Tree pits 13 3 1 3 3 2 3 1 2 3

Vegetated grid pavment 11 3 3 3 2 2 2 2 1

Riparian buffer 19 3 3 3 3 3 3 3 1 2 3 1

Vertical Green
Infrastructure &

Green Roofs

Soil/ground-based green facade 6 2 2 1 3 1 3

Wall-based green facade 9 2 2 1 3 1 1 1 1 3

Pot-based green facade 9 2 2 1 3 1 1 1 1 3

Vegetated pergola 4 1 1 3 3

Extensive green roof 6 3 1 3 1 1 1 1

Intensive green roof 15 3 3 3 2 2 1 2 2 2 2

Semi-intensive green roof 12 3 2 3 2 2 1 2 1 1 2

Mobile green and vertical mobile
garden

6 1 1 1 1 3 1 3
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Table A2. Cont.

Sub-Category NBS Unit
Total

Circularity
Score 1,2

Urban Circularity Challenge

UCC1: Restoring, Maintaining the Water Cycle UCC2: Water—Treatment, Recovery, and Reuse
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w
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er

Remediation,
Treatment &

Recovery

Treatment wetland 21 3 3 2 3 3 3 2 3 2 3 1 2

Waste stabilisation pond 16 3 3 2 3 3 3 3 3 2

Composting 0

Bioremediation 4 1 1 1 1 1 1 1

Phytoremediation 4 1 1 1 1 1 1 1

Anaerobic treatment (for nutrient,
VFA & methene recovery)

3 3 3 3 3

Aerobic (post) treatment (for water
recovery)

3 3 3 3 3

(River)
Restoration

River restoration 24 3 3 3 3 3 2 2 2 2 2 2 2 2

Floodplain 20 3 3 3 3 3 2 2 2 2 1 1 1 1

Diverting and deflecting elements 1 1 1

Reconnection of oxbow lake 24 3 3 3 3 3 2 2 2 2 2 2 2 2

Coastal erosion control 2 2 2

Soil and Water
Bioengineering

Soil improvement and
conservation

5 1 1 1 1 1 1 1 1

Erosion control 6 1 1 1 1 1 1 1 1 1

Soil reinforcement to improve root
cohesion and anchorage

1 1 1

Riverbank engineering 2 1 1 1 1 1
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Table A2. Cont.

Sub-Category NBS Unit
Total

Circularity
Score 1,2

Urban Circularity Challenge

UCC1: Restoring, Maintaining the Water Cycle UCC2: Water—Treatment, Recovery, and Reuse
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Greening
intervention +
(Public) Green

Space

Green corridors 14 3 3 3 3 1 3 1 1 3

Green belt 14 3 3 3 3 1 3 1 1 3

Street trees 12 3 1 3 3 1 3 1 1 3

Large urban park 14 3 3 3 3 1 3 1 1 3

Pocket/garden park 12 3 2 2 3 1 3 1 1 3

Urban meadows 13 3 3 3 2 1 3 1 1 3

Green transition zones 9 2 1 1 2 1 3 1 1 3

NBS units for
food & biomass

production

Aquaculture 1 1 1

Hydroponic and soilless
technologies

2 1 1 1 1 1

Organoponic/Bioponic 3 1 1 1 1 1 1

Aquaponic farming 6 2 2 2 1 2 1 2

Photo Bio Reactor 3 2 2 2 2 1

Productive garden 12 3 3 2 3 1 3 1 3

Urban forest 11 3 3 3 3 1 1 1 1

Urban farms and orchards 12 3 3 2 3 1 3 1 3
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Table A2. Cont.

Sub-Category NBS Unit
Total

Circularity
Score 1,2

Urban Circularity Challenge

UCC1: Restoring, Maintaining the Water Cycle UCC2: Water—Treatment, Recovery, and Reuse
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Sub-Category Supporting Unit
Total

Circularity
Score 1,2

U
C

C
1
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Units for
rainwater

management

Rain Water Harvesting 4 3 3 1 1 1

Detention vaults and tanks 4 3 3 1 1 1

Remediation,
Treatment &

Recovery

Phosphate precipitation (for P
recovery)

3 3 3 3 3

Ammonia stripping (for N
recovery)

3 3 3 3 3

Disinfection (for water recovery) 6 3 3 3 3 3

Biochar/Hydrochar production 3 3 3 3 3

Physical unit operations for
solid/liquid separation

6 3 3 3 3 2 1

Membrane filtration 3 3 3 3 3

Adsorption 3 3 3 3 3
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Table A2. Cont.

Sub-Category NBS Unit
Total

Circularity
Score 1,2

Urban Circularity Challenge

UCC1: Restoring, Maintaining the Water Cycle UCC2: Water—Treatment, Recovery, and Reuse
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Advanced Oxidation Processes
(AOP)

3 3 3 3 3

* For each unit and enabling process, a mark of 3, 2 or 1 is assigned when the unit, respectively, addresses, contributes or could potentially contribute, depending on the design, to the UCC1 and UCC2. 1 The total
circularity score achieved by a unit for both UCC1 and UCC2 is calculated as the sum of all awarded marks, excluding the enabling process “Treatment” within UCC1. 2 Units are classified into 3 classes of
contribution based on the total circularity score for UCC1 and UCC2: high >20 , medium 20–10 , low <10 . 3 UCC1 or UCC2 mark indicates the maximum mark for one of the enabling processes, that the
particular unit was assigned.
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